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ABSTRACT

The objective of this research was to investigate the reaction
- mechanism of higher alcohol and aldehyde synthesis from syngas and the
role of additives in the synthesis. An in situ IR reaction system and
probe molecule technique were developed to study adsorbed species,
active sites, and reaction pathway during reaction. The catalysts used
for this study included silica- supported Rh, Ru, é.nd Ni.

IR studies of the reaction of C,Hs/H, with adsorbed €0 showed
that linear C0 adsorbed on the single Rh° site and the linear CD
adsorbed on the Rh* site ﬁere consumed and propionaldeilyde was produced
when é.dsbrbed C0 was exposed to CoHy and H,. Comparison of the rates
of propionaldehyde formation showed that Rh* site‘s vere more active
than Bh® sites. It was concluded that both single Rh® atom'and Rh* ion
sites are active for (0 insert_ion.‘ The conclusion was further tested
by steady-state ethylene hydroformylation studies. Oxidized Bh/SiD,
vhich possesées Rb* sites exhibited higher activities for the formation
6f propionaldehyde than reduced Rh/Sil; which mainly contains reduced
BRh° sites. _

Activity of the catalyst for higher alcchol and aldehyde
synthesis decreased in the order of Rh/Si0; > Ru/Sil; > Ni/Si0,. About
50 mol’ of acetaldehyde was produced over Bh/Sil; at 30 atm and 513 K
in CO/H; reaction, while Ni/8il; did not exhibit activity for oxygemate



synthesis at this condition. In C,H,/CO/H; reaction, all three
catalysts exhibited C0 insertion activity leading to the formation of
propionaldehyde with selectivity near 20-50 mol%. The main byproducts
were methane and ethane in CO/H; and 02H4/Cﬁ/ﬂg reaction, respectively.
The geometric structure and electromic state of the catalyst
surface canlbe modified by the use of additives. Sulfur additive
~ shifted linear C0 band to higher wavemumber, blocked bridge CD sites,
and increased the selectivity of catalysts towaid oxygenates. Silver
tended to produce Rh* ions and to block bridge €O sites and led to an
enhancement of C;, oxygemate synthesis on Rh catalysts. The promoter
effect of sulfur and silver suggested that highly active and selective
catalysts for higher oxygenate synthesis can be obtained by the careful

construction of the specific active sites.
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CHAPTER I
INTRODUCTION

" 1.1 Overview

The dwindling supply of non-renewable fossil fuel and the
instability of oil prices have stimulated the development of
alternative sources of fuel and raw material [1,2]. Agricultural
production of biomass may be an attractive alternative [1,3], howe;ver,
it appears to be inefficient when the cost of cultivation time,
dependence of weather, and requirement of large areas of land are taken
into consideration. |

Syngas, a mixture of carbon monoxide and hydrogen, has been
considered as an important feedstock [2]. The syngas can be produced
from many carbon sources, especially from coal. The long-term
availability of coal makes syngas chemistry'especia.lly important. The
synthesis .of higher oxygenates, especially higher alcohols such as
ethanol, from syngas is a viable and attractive route for the
production of clean fuel as well as a potential feedstock in the
production of organic' chemicals presently derived from crude oil [3,4].

The processes for the direct synthesis of higher alcohols from
syngas include modified methanol synthesis and the Fischer-Tropsch
(P-T) synthesis. Modified methanol synthesis catalysts such as
Cs/Cu/Zn0-based catalysts and Co/Cu/Zn/A1,0; catalysts have been

1



demonstrated to produce high yieds of methanol and higher alcohols 2
[5-7]. However, these catalysts require use of high pressure (at least
50 atm) and the catalysts are not highly resistant to sulfur poisoning.
In the F-T synthesis, the direct comversion of syngas may yield a b.roa.d
product spectrum of paraffins, olefins, and oxygenates [8]. The
product distributiog strongly depends on catalyst compositions and
reaction conditions. Due to the polymerization nature of the reaction,
only C; products, CH; and CH30H, can be produced with 1007 selectivity.
Tailoring the catalyst surface for the selective synthesis of higher
hydrocarbons and oxygenates remains a challenging goal in F-T
technology‘. It has been found that Rh catalysts are highly selective
and active for C; oxygenate synthesis; increasing evidence has shown
that the activity and selectivity of the catalyst for C; oxygenates
synthesis can be greatly enhanced by the use of addit:ives or supports
[9-12]. A better understanding of the role of additives and supports
in the F-T process is essential to further improvement of the activity
and selectivity of Bh catalyst for C; oxygenate synthesis.
Spectroscopic. techniques have improved the capability of
exploring catalytic reactions. Infrared spectroscopy is omne of the
spectroscopy techniques that can be used to stundy catalytic surface
reaction under higher pressure and temperature conditions [13,14].
Infrared spectroscopy of C0 adsorption has been well established to
characterize the surface state of catalysts. Changes in both the

frequencies and intensities of the infrared bands of adsorbed species

can be used to elucidate the nature and enviromment of the catalyst

surface [15-17].




1.2 (Objective

The major problems associated with the synthesis of higher
oxygenates from the F-T reaction over Group VIII metal catalysts are
low selectivity for higher oxygenates and high éelectivity for
hydrocarbon products. The solution to these problems lies in our
understanding of the reaction mechanism of higher oxygemate synthesis
" and in our ability to prepare a catalyst that is specifically selective
for higher oxygenate synthesis. Extensive mechanistic study of higher
oxygenate synthesis has shown that the C0 insertion step is a key step
for the formation of higher oxygenates. However, the sites for C0
insertion remained unclear. Thus, the prime objective of this research
was to develop a better understanding of heterogeneously ca.talyzed Co
insertion and the role of additives in the higher oxygenate synthesis.
Understanding the active site for C0 insertion and the role of chemical
additives in C0 insertion should enable us to design highly active and
selective catalysts for the production of higher alcohols.

1.3 _Scope

The uniqueness of this research is to develop an in situ
infrared (IR) technique to study higher oxygemate synthesis and
characterize the catalysts under practical reaction conditions (1-60
atm, 303 513 K). The catalysts used for this study included
silica- supported rhodium, ruthenium, and nickel catalysts. BRh-based
catalysts have been extensively studied for F-T activity because of
their'high C. oxygenate selectivity. Ni/Sil; (a methanation catalyst)
and Bu/Si0; (a higher hydrocarbon synthesis catalyst) have been known
as F;T catalysts for hydrocarbon synthesis. The effort was aimed at
shifting their hydrocarbon selectivity to higher oxygenate selectivity.




(1)

(ii)

(iii)

(iv)

()

The research was conducted in the following areas. 4
C0 adsorption: C0 adsorption on the catalyst surface was
examined by IR. Because the vibrational frequemcy of adsorbed
C0 is very sensitive to the structure and oxidation state of the
metal surface, adsorbed C0 can serve as an excellent probe to
characterize the state of the metal surface before, during, and
after the reaction.

Reactive probing: Reactive probing by the addition of ethyleme
into the reaction stream of C0 and H, permits elucidation of the
reaction pathway and identification of the active site for Co
insertion. -

C0 hydrogenation and ethylene Hydroformylation: Im situ IR
coupléd with on line GC was used to detect the rea.qtive
intermediates and the product distribution.

Promoter effect: The experiment was designed to study the
prombter effect on Rh catalysts. Silver was selected as the
promoter because of its electronegativity was close to that of
the Bk atom. The influence of Ag waé exanmined by adding an
increasing amount of Ag and by measuring catalytic activity and

selectivity as well as chemisorption of probe molecules as a
function of Ag content.

Selective sulfur poisoning: Sulfur is kmown for its high
electronegativity and has been shown to suppress the activity of

C0 hydrogenation and influence the selectivity of F-T synthesis.
The selective sulfur poisoning technique was used to enhance CD
insertion activity and selectivity of the Rh and Ni catalysts.



The results. of these studies should provide the information
of the reaction pathway, the surface state of the catalyst, the
interaction between chemical additives and the active metal, which can
be used to design highly active and selective catalyst surface for C»

oxygenate synthesis.
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CHAPTER II
LITERATURE REVIEW

" 2.1 Fischer-Tropsch Reaction

Fischer-Tropsch (F-T) reaction is a reaction of carbon monoxide
with hydrogen. The reaction yields paraffins, olefins, and oxygenated
products such as alcohols, aldehydes, and acids. The mechanism of the
F-T reaction has been extensively studied [18-22]. The formation of
hydrocarbons and oxygenates from syngas has been demonstrated to occurs
via the reéction scheme outlined in Figure 2.1. _

(1) dissociation of CO on the catalyst surface forming surface carbon
[23-37].

(2) hydrogenation of the resulting carbon producing CH, and CHs
species as CHy hydrocarbon intermediates [23-37].

(3) hydrogenation of the CHs; species forming hydrocarbons or CH
insertion inducing longer alkyl groups ‘[32- ar].

(4) insértion of CO into the alkyl-metal bond leading to the
formation of C2. oxygemates [36-44].

The above mechanism shows that the competitive reactioms, i.e.,
hydrogenation of CHy, insertion of CH; into CHy, and CO imsertion into
CH, results in a broad product distribution. Enhancement of CO
jnsertion and suppression of hydrogenation have been an important
research subject in syngas chemistry.

6
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2.2 C0 Tnsertion . 8
Thé mechanism of CD insertion into a carbon-metal ¢ bond has

been well developed in organometallic chemistry [45-47]. The reaction

involves a migration of an alkyl group to the carbon of the C0 ligand

on the metal center as shown in the following equation:

CH,
e {gn“

L)x == L)x

()\(3112 ()2

The vacant coordination site (%) resulting from the migration can be
filled by an incoming ligand (L) which in many cases is CO.
2.2.1 (0 Tnsertion in Hydroformylation
One of the important reactions involving C0 insertion in

organometa.ilic chemistry is hydroformylation reaction catalyzed by
group VIII transition-metal carbonyls [47-52]. Hydroformylation is a
reaction of olefin with carbon monoxide and hydrogen. The primary
product of hydroformylation is aldehyde containing one more carbon atom
than the olefin substrate. More than 90% selectivity of
propionaldehyde has been obtained in ethylene hydroformylation reaction
[52,53] . The mechanism of ethyleme hydroformylation catalyzed by the
1.'hodium- carbonyl complex has been shown as following:

(1) Activation of catalyst by conversion of paremt carbonyl such as

Bh,(C0);2 and Rhg(CO)y¢ into hydridocarbonyl, HRh(CO)s, depend on

the condition.



o 9
Rhy (00)12 _ mle (00)15

112‘\ / CO0/H,

HRR(CO);

(2) Insertion of ethylene into a metal-H bond of the hydridocarbonyl

to form an alkylmetal complex.
H

| CH, S
HRL(CD)s + OBl == (D)ot = Ol ChyRu(00)s
2

(3) Migratory insertion of CD inmto the alkyl-metal bond of the
alkylmetal complex to form an acyl species.

2l
C,HsBh(C0)s + CO =.,(co)3n£c — (cn)anh—cl-cgns
P 2 o

(4) Hydrogenolysis of acyl species to form an aldehyde with
regeneration of the catalyst..

(00)3]111-(%-_0235 + Hy == CH;CH,CHO + l[Rh(CU)g

Ethylene hydroformylation is known as a homogeneous reaction.
The migratory C0 insertion occurs on a monoatom center with an
oxidation state of +1 [46-50]. 'B.ecently, an increasing evidence has
shown that ethylene hydroformylation is also catalyzed by supported-
metal catalysts, i.e., a heterogeneous reaction [54,55]. Although the
migratory C0 insertion mechanism in homogeneous. hydroformylation has

been used to explain the formation of propiona.ldehyde in reaction of




ethylene with CO0 and H; as well as the formation of C; oxygenates 10
in syngas reaction over supported transition metals [56-61], the
nature of active sites for C0 insertion on supported-metal catalysts
are still unclear. | ‘

2.3 Active Site

Table 2.1 summarizes the proposed active sites foxj the specific

‘reaction steps in CO hydrogemation (F-T reaction). It is gemerally

agreed that C0 dissociation, hydrogenation, and chain growth take place

on metal sites [62,63]. However, the nature of the active sites in C

oxygenate synthesis is mot well understood. Both Bh* and Bh’ sites

have been proposed to be active for C; oxygenate synthesis:

(a) Evidence of Rh* as the active sites:

(i) In analogy with homogeneous catalysis, the reaction occurring on
the metal complex may take place on the metal surface. Since the
oxidation state of metal cemter in metal complex maintain +1
during during CO insertion, it has been suggested that the Kh' on
the surface of supported Rh can also serve as the active site for
co inser'tion. [58].

(ii) Results of an ESR study [64] on 2 Mn-promoted Rh/Sil; catalyst
indicated that Mn formed a Mn-(-Bh surface compound. Reaction
resuits further suggested that.enbanced C oxygéna.te selectivity
under syngas reaction conditions was due to stabilization of an
Rh oxide on the metal surface by the mixed oxide formatiom.

(iii) CD hydrogenation over hydrated and anhydrous rhodium oxides
showed that the hydrated rhodium oxide was active for oxygenate
synthesis, while the anhydrous rhodium oxide only exhibited
moderate methanation activity. Studies of AES and XPS on these
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(iv)

thodium oxide.after treatments identical to the reaction 12
conditions found that the hydrated rhodium oxide was quite
stable, while the anhydrous oxide rapidly reduced to metallic
rhodium under the reaction conditions [58,59].

XPS measurement of oxide- supported catalyst showed that (1) Bh om
Sils, active for hydrocarbon formation, showed an electronic
state similar to Rh metal; (2) Rh and Zn0, active for methanol
formation, was in the a stale close to Bh('I); and (3) Rh on Zr0,
and Ti0,/Si0; was active for C; oxygemate formation and showed an

oxidation state between that on Zn0 and Sif; [65].

(b) Evidence of Bk’ as the active sites:

(1)

(ii)

Van der Lee et al. [66] reported that Vi03, Lap03, Mg(0H)z, and
Mgl supported Bh catalysts have different activity for methanol
and C, oxygenate synthesis. An atomic adsorbtion spectroscopy of
the extracted ionic Rh from these catalysts indicated that
presence of Bh ions was essential for methanol synthesis,
however, Rh ion was not the site for C, oxygenate synthésis.
They concluded that activity in C, oxygemate synthesis was
related to metal surface modified by the supports. Similar
conqlusion was also reported by Katzer et al. that the

oxide- supported Rh was in metal-like state as interacted with
Sif,, Al,05, Cel;, Ti0;, and Mgl supported Bh catalysts [67].
Gysling et al. found no evidence for the existence of Bh' on the
LaRh0; catalyst which is active for the synthesis of C;
oxygenates [68]. They concluded that C0 insertion took place on
the Bh’ site-instead-of the-Rh' site.-



Host data on oxidation states of the catalysts were obtained 13
by XPS studies. The use of XPS is restricted for the measurement
before and after the reaction and it might result in the comtroversial
argument of the natural of the active site. Development of an
efficient method to directly detect the surface state of the catalyst
under reaction condition will help clarify the controversy.

2.4 Catalysts for High Oxygenate Synthesis

The mechanism of the F-T reaction as shown in Figure 2.1
indicates that the direct synthesis of C; oxygenates involves C0
insertion into the CH; intermediate which is produced from
dissociatively adsorbed C0. Accordingly, catalysts with both
dissociatively adsorbed C0 and associatively adsorbed C0 may active for
producing €, éxygenates. .

The capability of group VIII metals in C0 dissociation has béen
well established [69,70]. Co, Ni, Bu, and Fe metals which easily
dissociate C0 have been known as F-T catalysts and produce mainly
hydrocarbons and ﬁinor amount of oxygemates [8,71]. Pt, Ir, and Pd
metals, which show low CD dissociation activity have excellent
catalytic activity for methanol synthesis [72]. However, the Pt, Ir,
and Pd are not active for C2 oxygemate synthesis which may be due to
the low CO dissociation activity. Favre et al. [73], working with
V20;- supported Pd, shoved that C2 oxygenates can be produced after
supplying the CHy mnits, such as CHaCly, o the CO/H, mixture.

Bh has been kmown to exhibit the best selectivity to Cg
oxygenate synthesis.. In homogeneous hydroformylation catalyzed, the
activity of group VIII tramsition-metal complexes in CD insertion

decreases in the order of Bh >> Co > Ru > Fe > Ni. [47,49,51].



Horeover, the selectivity for C0 insertion into adsorbed ethylene 14
over suppo;ted metal in the order of Rh >> Ni > Ru > Pd has been
reported [57,74]. The unique catalytic ability of Rh may be due to its
moderate activity in CO dissociation as well as its high CO insertion
act;vity.

2.5 Effect of Promoters

Promoters are additives which improve the activity,
selectivity, or stability of unpromoted catalysts [75]. Recent work
has found that the support may also act as a promoter and affect the
performancé of the active metal (76]. Table 2.2 lists the effects of
promoters and supports on syngas reaction over Rh-based catalysts.
Addition of promoter on Rh-based catalysts leads to various selectivity
toward oxygenated products: (i) Methanol is enhanced by Zn8, Cal, and
Mgl oxides [44,77]; (ii) C;, oxygenates is produced whén Zr, Ti, V, and
La oxides are used as promoters or supports [38,78]; and (iii) higher
selectivity of oxygenates were obtained by alkali-promoted catalysts
[79-83]. However, hydrocarbons are dominated products on silica and
alumina supports [60].

The effects of promoters and supports on catalysts can
generally include (i) blockage of surface sites of the catalysts ,(ii)
modification of the catalysts by the chemical effect of the additives,
and -(iii) activation and stabilization of surface species.

In-promoted Rh/SiD; catalysts showed that the Zn increased the
ethylene hydroformylation activity, decreased ethylene hydrogenation
activity and completely suppressed the formation of methane [83]. This
observation suggested that Zn blocked sites for C0 dissociation.

Infrared spectra for these samples showed that increases in Zn content
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Table 2.2 Effect of promoters and supports

Catalyst Additives Additive effeqts Ref.
Rh/Sil; Mn,Mo  Righ yields of ethanol and higher alcohol with up to eight 40
carbon atoms were achieved.,
Rh/Sil; Mn Significantly enbanced the C0 conversion rate. 64
Remained high selectivity for C2 oxygenates.
Rh/Si0; Fe' Did not influence the CD conversion. 60
Changed the products from CH;CHO and CHyCOOH to EtOH and MeOH.
Rh/8il; 2Zn Decreased chemisorption of CD and H,. . 84
Depressed reactive desorption of C0 to form methane.
Rb/5i0; Hn,Ti,- Lowered the temperature of C0; formation due to the Boudouard 30
ir reaction.
2C0 — C+ 0y
Rh/5i0; Ti,Zr  Enhanced €8 dissociationm. 78
overed the temperature of methane formation due to
hydrogenation of C0 .
Rb/TiD; Alkali Hydrogemation ability decreased in the order of 81
none > Li > K > Cs.
K and Cs Suppressed ethyleme incorporation into higher
hydrocarbon.
Rh/TiB; Alkali Suppressed hydrogemation activity. 80
' Selectivity for oxygenated products decreased in the order of
Cs = K > Li > none.
Overall activity decreased in the order of
none > Li » K > Cs.
Rh/SilD; X Increased rate constants for C dissociation and for 88
hydrogenation of surface carbon species vhen K/Rh < 0.02.
Decrease both rate constants when 0.02 < K/Rh < 0.1.
Rh  2n0,Mg0 Predominantly formed methanol. 60
A1,05,5i0; Hydrocarbons prevailed in the reaction production.
2r0,,Ti0;  Vere effective for the formation of ethanmol. 10
Lay0s
ZrQ,;,Nba2ly  Significantly enhanced the Cl conversion rate. 12
Ti0, Produced ethanol with selectivity of 95% of the

oxygenated compounds.




suppressed bridged C0 more than linear C0 [83,84]. The dramatic 16
change in the ratio of bridged and linear €0 is similar to the
observation of Ag- and Fe-promoted Rh/SiD, [85,86].

Modification of the catalyst properties by chemical effect has
been observed upon the addition of alkali promoters to metal resulting
in enhancement of adsorption energy and dissociation of C0 and

suppression of catalyst activity of hydrogenation [82,87,88]. A strong
metal- support interaction (SHSI) may occur when oxide supports such as
Ti0; and V303 are used [89,90].

Activation and stabilization of oxygenated compound have been
suggested to change CO dissociation activity and oxygemate seléctivity.
Highly oxophilic ions, such as Mm, Ti, Zr, and Nb, tend to interact
with the oxygén atom of the C0 adsorbed on the metal [83]. Basic ioms
such as Fe* on Bh-Fe carbonyl cluster derived catalyst was proposed to
stabilize surface oxygenated compound by coordinated oxygen with Fe'
[01]. Addition of Mn and Mo compounds on silica- supported Rh formed
mixed oxides vhich stabilize positive Bh ioms [64,92]. Infrared
spectra also shows that the presence of additives promoted formation of
certain reaction intermediates: the acetate and acetyl species over
Na-Bh/Si0;, ¥n-Bh/Si0,, Mn-Li-Rh/Si0; and La-Bh/Sil; catalysts were
detected [10,38,93].

2.6 Reactive Probing

The addition of probe molecules, especially the low molecular
weight olefins, has been widely used for studying the complex F-T
reaction mechanism [58,74,94]. It has been observed a carbonylation of
C,H, to CoH;CHO by addition of ethyleme to a reaction mixture of C0 and
H; over rhodium catalysts.:  The C;H, addition results in the



enhancement of propionaldehyde leading to elucidation of the role 17

of C0 insertion in C; oxygenate synthesis. Chuang and coworker
[65,81,82] has been applied ethyleme as the probe molecules in CD
hydrogenation over silica-supported Bh, Ru, Ni, and Pd catalysts. The
study showed that the addition of ethyléne to CO/H, resulted in a
significant variation in the rate of the formation of certain products
" and clearly determined the activities of different catalysts for
hydrogenation, C0 insertion, incorporation, and hy&rogenolysis. Jordan
and Bell [95] used 13C-labeled CO and H, over the Ru/Sil; catalyst to
elucidate the effect of ethyleme in C0 hydrogenation and the
differentiate carbon sources.

A possible reaction pathway for the addition of ethyleme to C0
and H; is shown in Figure 2.2. The addition of ethylene during C0
hydrogenation could produce adsorbed ethyl species which may undergo |
(i) hydrogenation to form ethane, (ii) CO insertion to form acyl
species which can be hydrogenated to propionaldehyde, (iii) chain
incorporation to form highér hydrocarbons, and (iv) hydrogenolysis to
form methane. The use of ethylene as a reactive probing molecule
provides an effective way for studying the reaction steps involved in

higher oxygenate synthesis.

2.7 Sulfur Poisoning
Sulfur compound has been known as a sever poison for a large

number of cataly‘tfic reactions [96-98]. The dissociation of sulfur
compound, such as HpS, CSz, and S0, having unshared electron pairs,
leads to adsorbed sulfur atom strongly bonded to the metal. The change
in the work function from the adsorption of sulfur on single-crystal
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planes of clear metals has suggested that the bonding of the 19

adsorbed sulfur to Ru and Ni are essential covalent [99,100].

A linear correlation between the decrease in capacity of H:
adsorption and the surface coverage of sulfur over silica- and
alumina- supported Ni indicated that poisoning of Ni atoms varied with
the concentration of surface sulfur; the molar ratio of H,S molecule
"and surface Ni atom varied form 1/3 to 3/4 was reported [101-103].
Studies of single-crystal Ni [104-106] showed that the decrease in Hj
adsorption is not linear over the full range of sulfur coverage. At
low coverage (#5<0.2), a linear decrease in the sticking coefficient
showed poisoning of about four Ni atoms per adsorbed sulfur atom. Both
studies on supported and single- crystal Ni suggested that electromic
effect ﬁay be important at low coverage since one atom of sulfur can
prevent hydrogen adsorption on three or more Ni atoms. At complete
coverage, a simple blocking or geometric effect is adequate to explain
the poisoning since the ensembles of Ni for dissociation of H; are no
longer accessible at the surface. Similarly, presence of sulfur
decreased adsorption capability of H, and the binding energy of
h&drogen on Bu and Pt as indicated by the reduce of the intensity of Hp
adsorption peaks and the shift of the peaks to lower temperature [97].
Sulfur blocks four Bu atoms on single-crystal Bu(100) also reported
[107].

The effect of sulfur on GO adsorption is more complex than that
on H adsorption; Studies on CO adsorption over Ru(001) single-crystal
showed that the sticking coefficient and binding emergy of C are

constant up to a total coverage of CD and sulfur corresponding to one

adsorbate molecule or atom per three metal atoms. Beyond this




concentration an abrupt decrease in binding energy for C0 is 20
observed [108]. Significant sulfur effect on CO adsorption over Ni has
been observed. On supported Ni catalysts, presence of sulfur promotes
the formation of nickel carbonyl, Ni(C0); or Ni(C0);, leading increases
in the capacity of C0 adsorption at 190-298 K and pressure above 0.1
KPa [109]. However, sulfur reduces C0 adsorption on single-crystal Ni
~ at low CO pressure (less than 0.5 KPa) [110].

Little effort has been put on the coad;sorpi:ion studies between
sulfur, Hp, and CO over Rh catalysts. Jackson et al. [111] studying
the effect of H;S on the adsorption of CO on silica-supported BhCls and
Rho03 found that CO still adsorbed on the surface with saturated
sulfur. On the Rh,0; catalyst carbon monoxide could displace adsorbed
hydrogen sulfide. Eomishi et al. [112]. found that initial increase in
surface coverage of sulfur decreased CO adsorption; further dosage of
sulfur did not affect CD adsorption when the chemisorption of C0 fall
to one-third of the original amount on the clean rhodium.

IB data have shown that presence of sulfur on Rh, BRu, and Ni
catalysts suppresses bridging bonded CO and shifts the vibrational
frequency of the linearly adsorbed CD to a higher vavenumber [112-114],
indication that sulfur alters the adsorption of CD by blockage of the
active surface sites (geometric effect) and by interaction of
metal- sulfur (electron effect).

The modification of the adsorption of reactant molecules such
as C0 and H; by sulfur leads to a partial or complete loss of activity
for many reactions steps in syngas reaction EFarly investigations have
been shown that sulfur has less poisoning effect on oxygenate synthesis
than on hydrocarbon synthesis [55,74]. The addition of sulfur



compounds on the catalyst should inhibit the formation of methane A

and other C0 hydrogenation products in the reaction of ethylene
addition and ethylene hydroformylation.

2.8 Infrared Spectroscopy in (.)ata.lﬂ' ic Reactioms

2.8.1 Infrared Spectroscopy: Theory

Infrared spectroscopy is an adsorption spectroscopy of
| electromagnetic radiations. The electromagnetic radiation can be
characterized by the wavenumber (cm°1)? vhich is defined as the
reciprocal of the wavelength. The energy of the infrared radiation is
proportional to its wavenumber and extends in the region from 4000 cm-!
to0 200 cm-t. The infrared spectra arise from adsorption of
electromagnetic radiation at discrete frequencies corresponding to
quantum modes of vibratibn and/or rotation of molecular or surface
groups.
The Schrodinger equation describes the radiation in wave

equation.

v#w%[n-m:o |
For the simple harmonic vibration, Hook’s law provides the pqtential
energy as
‘ V=1/2 k r? |
Solution of the Schrodinger equation gives the vibrational emergy with

‘Evib = hev(v + 1/2) |
where v is the frequency of vibration (in cm-t) of the oscillator and v
is the vibrational quantum number. The energy between quantized

" levels, according to the selection rule of Av= 21, is equivalent to the




energy of an infrared photon whose frequency is v, i.e., 22
‘AEvib = hcy
Because the vibration of real molecule are anharmonic, the vibration
energy becomes
Eviv = hev[(v + 1/2) - (v + 1/2)2 + oen]
vhere n is the anharmonic constant. The values of g vary from 0.01 to
'0.05 for single bonds [105]. Because of the anharmonicity, the
vibrational variation of %1, %2, ... are allowed. The vibrational
spectrum may therefore contain the fundamental (v=0 — v=1)
vibrational i)and as well as overtomes (v=0 — v=2,3,4,etc.) [105,106].
A quantum mechanical treatment of rotational motion can be
given by

2
I

Erot =

J(J+1) = BhcI(J+1)
87

where I is the moment of inertia; B is the rotational constant; and J
is the rotational quantum number which can be the values 0,1,2,etc.
Rotational transitions are generally restricted to AJ=1. The
transition J — J+1 results in the adsorption of infrared radiation
which is the same as the increase in rotational emergy of the molecule.
i.e., MErot = 2Bhe(J+1) -
The rotational frequency of the simple rigid rotator is a function of
the rotational quantum number.

In practical infrared spectrum the rotation of a molecule
creates a centrifugal force that couples with he vibration, and the
result spectral adsorption is due to the combined vibration-rotation,

i.e., Ever = heu(y + 1/2) + BheJ(3+1)



A polyatomic linear molecule can have two types of 23

vibrational- rotational bands: a parallel band and perpendicular band
depending on the ghange in dipole moment is parallel or perpendicular
to the molecular axis. For the parallel band the éelection rule is AJ=
+1. For the perpendicular band the selection rule is AJ= 0, =21.

Let J and J® represent the rotational quantum number in the
" ground state and first excited sté.te, respectively.

" VWhen AJ= 0 and J°=J, | '

AEy.b/hc = v = Q(cm-1)
This equation independent of the value of J gives the frequency in (
branch of the band. |
' Vhen AJ= 1 and J°= J+1,

AEy.v/hc = v + 2B(J+1) = R(cm-t) J= 0,1,2,...
This equation gives the fréquencies of the rotational lines which make
up the R branch. * '
Vhen AJ= -1 and J°= J-1,

AEy.v/hec = v -2B(J) = P(cm-?) J=1,2,3,...
The rotational quantum of the P branch camnot be zero since J° is one
integer lower than J [115].

In addition to the selection rule in quantum number, a
vibration frequency is IR-active only if the change in the magnitude of
the dipole moment takes place [115,116]. The dipole moment is defined
as the charge time the distance to mass center. Hemce, the symmetric
vibration of a symmetrical molecule is IB- inactive; its vibration does
not appear in the infrared spectrum.

The emerging intensity (I) of the radiation after impinging
infrared radiation with intensity I, on the substance of thickness d is



giving by the equation [117] 24
I=1, ¢ |
The quantity € is the extinction coefficient and the product ed is the
optical density which describe the adsorption characteristics of the
material at any given wavenumber. A plot of optical demsity against
wavenumber gives the a.dsorption spectrum. In practical applicationm,
" the infrared spectrum is represented by transmittance (T) a;nd
absorbance (A) which are defined as
T=I/I,=¢
and A=1In(1/T) = ed
According to Beer’s lav, the absorbance is a linear function of
concentration for solution and gases. The absorbance is given by
A = ecd |
vwhere ¢ becomes the molar extinction coefficient; d is the path length;
and ¢ is the concentration. Integral of the absorbance of the spectrum
is proportional to the concentration. The concentration cam be
obtained provided that the extinction coefficient is kmown.
2.8.2 Application to Catalytic Reaction
Infrared spectroscopy has been extensively used as a probe to
adsorbed species. The distinct advantéges of infrared (IR)
spectroscopy are that: |
(i) IR spectra of adsorbed species under high pressure and high
temperature conditions can be obtained by use of high pressure
and temperature IR cell.
(ii) IR is of high semsitivity of stretching frequency to bonding
modes at surfaces and is able to characterize small shifts in
vibrational frequency of the adsorbed species.
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(iii) Strong correlation of the spectra of surface species with

spectroscopy of molecules of known structure has been
established.

In situ IR is a powerful technique for studying higher
oxygenate synthesis because,thg reactant ( C0 ), reaction
intermediates, and product molecules exhibit vibrational frequencies in
- the infrared range. | |
- 2.8.2.1 C0 Chemiso;ptién

The adsorbed CO on the surface of Group VIII metals has been
characterized as linear C0 attached by one end to one metal atom;

bridged CO attached to two or more atoms; and multi-carbonyl associated

g 0

¢. C \/

| /\ ~
Linear CO Bridged C0 Dicaybonyl

with C0 on an isolated metal atom [118-125]. Table 2.3 lists the
vibration frequencies of adsorbed C0 on transition metal catalysts.
Differences can be seen between spectra of C0 adsorbed on different
transition metals on the same support after similar reduction
procedures [121-131]. The presence of promoters shifts the wavenumber
and changes the iniensity of the CO a&sorption band [36,88,89,132].
Such differences usually reflect differences in the geometric structure
and oxidation state of.the catalyst surface.
2.8.2.2 Surface Hydrocarhons

Table 2.4 lists the vibrational frequencies of hydrocarbon
species over Supported transition metals [133-139]. The vibration

modes- of adsorbed- hydrocarbon- species- in- infrared spectrum represent in
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terms of symmetric and asymmetric C-H stretching (v) and C-H 81

deformation (§). Beebe and Yates [134] studied the reaction of
ethylene with Pt, Bh, Pd, and Ru on alumina at 300 K é.nd proposed the
surface ethylidyne species, %=C-CH; , by infrared spectrum showing the
following vibrations: v, (CH3) at 2944-2940 cm-1, »s(CH;) at 2888-2885
cm-t, 85(CHs) at 1411-1397 cm-t, and s (CH;) at 1345-1333 cm-!. The

- surface methyl group, % CH; , has been characterized by »,(CH;) at
© 2980-2950 cm-! and vs(CH;) at ~2905 cm-!. The v,(CH;) and v (CHa) of

saturated compounds has been characterized by the bands at 2935-2930
cn-! and 2860-2850 cm-1, respectively. 4

~ Surface hydrocarbons, such as Cly intemédia.tes, have been
proposed to play an important role in syngas reaction [23-29]. IR has
been served to detect the formation of hydrocarboms under reaction
conditions, however, the adsorbed hydrocarbon species are commonly
overlapped by the gaseous hydrocarbons (Appendix A) which make the
presence of surface hydrocarbon species nnclea.r. Several studies
attempting to observe F-T intermediates by IR have reported that
hydrocarbon species can be removed from the surface by hydrogenation,
but did not appear to be an intermediate in hydrocarbon synthesis
[23,127,137]. More caution has to be taken to elucidate hydrocarbon
intermediates by exclusion of gaseous hydrocarbon species and

hydroca.rbon spectators.
2.8.2.3 Surface llggena.tes

Acyl species, which is proposed to be an infermediate for
oxygenates, has been detected on promoted rhodium catalysts which are
active for oxygenate synthesis [36,38,136] . Other surface oxygenates

such as formate and carboxylate species have also been reported




[14,127,140]. Table 2.5 lists the vibrational frequency of these 32
oxygenates on different catalyst surfaces. Identification of the

intermediate oxygenate may help to elucidate the reaction pathway.
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CHAPTER III
EXPERTHENTAL

© 3.1 Catalyst Preparation and Characterization

The catalysts vere prepared by impregnation and
co- impregnation. Rhodium(IIY) chloride (RhCl;-3H,0) and ruthenium(III)
chloride (RuCl;-1~3Ho0) were obtained from Alfa Products. Nickel(III)
nitrate (Ni(N0;);-6H0) and silver(I) nitrate (AgNO;) were supplied by
Johnson Matthey Chemicals. Silica supports used were provided by Strem
Chemicals Company (#14- 7420, pore volume: 1.7 cmd/g, surface area: 350
m3/g). The desired amount of the salts were dissolved in distilled
water that was need to fill up the pores of the silica. After
imprégnation, the sample was dried overnight in aif at room
temperature. The dried sample was then heated in flowing hydrogen to
673 K with heating rate of 2 K/min and reduced at 673 K for 16 hr.

Metal loading of supported metal was verified by X-ray
fluorescence (XRF); metal crystallite size of the catalysts was
determined by X-ray diffraction (XRD); and the oxidation state of
" supported metals vas determined by X-ray photoelectron spectroscopy
(XPS) before or after the rgaction. Adsorption of CD on catalysts was
used to characterize the state of catalyst surfaces during the

reaction.

35




3.2 Reactor System 36

Figure 3.1 shows the apparatus of the reactor system. Nitrogen
(VEP grade), hydrogen (UHP grade), carbon monoxide (CP grade), and
ethylene (CP grade) were supplied by Linde Corporation. The gaseous
feed were passed through liquid N2 trap to remove residual water.
Nitrogen was further passed through a de-oxo and a dehydrating unit
" (Supelco). Gas flows were regulated with Brooks Mass Flow Controller.
Hydrogen sulfided and air were introduced when sulfidation and
oxidation were necessary. Hydrogen sulfur, supplied by Matheson Gas
Products, was 1000 ppm HyS with a mixture of hydrogen. Air was passed
through a de-C0, and dehydrating unit (Balston) before used.

The reduced catalyst samples were pressed into a
self- supporting disk (10 mm in dia;meter, and 1 mm in thickness) with a
pressure of 470 MPa and then placed in an IR cell. The IR cell, as
shown in Figure 3.2, consists of four stainless-steel flanges, a gas
jnlet and outlet, and two step CaF; windows. The step windows minimize
the reactor volume and reduce the oj)tical path length for the gaseous
species in the reactor. The reactor temperature was controlled by
Omega Temperature Controller (Model 2011k) from room temperature to 513
K. A back pressure regulator (Veriflo) at the outlet of the IR cell
maintained the reactor pressure up to 30 atm.

C0 hydrogenation (CO:H,=1:1) and ethyleme hydroformylation
(CD:Hy :CgHy=1:1:1) were performed over the catalyst disk in the TR cell
ander 373-513 K and 1-30 atm. Spece velocities of 7500 to 11000 hr-i
vere used to keep CO conversion below 5%. Due to the use of a small

amount of catalyst in the IR cell, the IR cell reactor can be
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considered to be a differential reactor. Heat and mass transfer 39

effects of the reactor is minimized.

Infrared spectra were measured by a Nicolet 5XSC FTIR
spectroﬁeter with a DTGS detector at a resolution of 4 cm-t. The
effluent of the IR cell was sgmpled during the reaction and was
analyzed by an on-line gas chromatography (HP-5890A) with a 6 ft

 Porapak PS column in series with a 6 £t Porapak §S colum.




CHAPTER IV
INFRARED STUDY OF THE CO INSERTION REACTION ON REDUCED,
OXIDIZED, AND SULFIDED Rh/Si0; CATALYSTS

4.1 Tntroduction

The insertion of carbon monoxide ( C0 ) into a metal-carbon ¢
bond is one of the most widely studied reactions in organometallic
chemistry [45,46]. The interest in C0 insertion stems from the fact
that the reaction provides a pathway for the conversion of olefins or
other substrates to high added-value chemicals [46,51]. Homogeneous
hydroformylation processes lia.ve been the largest industrial application
of the CO insertion chemistry for more than three decades [46-49].
Although Rh carbonyls and complexes are the most active
hydroformylation catalysts, mechanistic information about C0 insertion
has commonly been obtained using metals such as ¥n, Ir, or Pt which
form unreactive and stable acyl complexes [141]. The use of these
organometallic complexes allows for close observation of how the
migratory 0 insertion occurs. Infrared study of the !3C0 insertion on
alkyl (pentacarbonyl)- manganese has provided direct evidence for the
migratory insertion of C0 into a carbon-metal bond on Mn* [50]. The
rate of C0 insertion on methyl- (pentacarbonyl)manganese can be further
accelerated by a Lewvis acid [142].

40



It has been suggested that the migratory C0 imsertion plays 4

a key role in the Fischer-Tropsch (F-T) synthesis [47-49]. Pichler et
al. first used CO insertion as a model for rationalization of chain
growth in the F-T catalysis on surfaces [143]. However, most i‘-T
studies over the past decade have shown that CO insertion is not the
major pathway for the chain frOpagation of adsorbed alkyl [8,20,22].

" The C0 insertion step was found to be the chain termination step
leading to the formation of aldehydes and alcohols [56,39,57].

Vhile it has been well established that C insertion occurs via
the migration of an alkyl group to a Rh*-coordinated C0 in homogeneous
catalysis [45-50], much controversy exists concerning active sites for
C0 insertion in the C0 hydrogenation reaction (F-T synthesis). Watson
and Somorjai proposed that C0 insertion to-form C;. oxygemates occurs
on the Rh+* sites while CD dissociation ta;kes place on the reduced Rh°
sites [58,59]. The postulate has been further supported by a number of
studies [39,64,65]. 0On the contrary, Katzer et al. [67] reported from
an XPS study that there was no evidence for the existence of Rh* on
Rh/Ti0; which was active for the synthesis of C; oxygenates. 4 number
of studies have shown no co.frelation of C2. oxygemate activity to the
amount of BRh+ or Rh®* ioms present on the Bh catalysts [66,68].

The present study was aimed at idemtification of the type of
adsorbed CO species which participates in the (0 insertion step in
ethylene hydroformylation. The Rh catalyst system chosen for this
study comprises three different forms of Rh: reduced Rh, oxidized Rh,
and sulfided Bh. The types of CO adsorbed on these Rh surfaces are
closely related to the surface states of Rh [119-125]. Infrared data

for C) adsorption on these Bh catalysts under various reaction



conditions were obtained to determine the tyl;e of adsorbed C0 for 4

C0 insertion and to shed light on the nature of active sites for the

reaction.
4.2 erimental
4.2.1 Catalyst Preparation and Characterization

A 3 wt] Bh sample was prepared by impregﬁation of Sil; with an

" agueous solution of Bh{NOs;)s-2H,0. The procedure of the preparation is

described in Chapter III. The crystallite size of Rh was determined to
be 96 °A by hydrogen chemisorption. The reduced Rh/Sil, sample was
pressed into a self-supporting disk with 20 mg.

The catalyst disk in the IR cell was subjected to further
treatments prior to the adsorption and reaction studies. The
treatments included reduction, oxidation, and sulfidation. The
catalyst disk reduced in ll; flow at 513 K for 1 hr is designated as the
reduced Bh/Sil, catalyst; the catalyst disk oxidized in flowing air at
513 K for 1 hr is denoted as the oxidized Rh/Sill; catalyst; and the
catalyst disk sulfided in H;S flow (1000 ppm HyS in Hy) at 513 K for 1
hr is designated as the sulfided Bh/Si0; catalyst. Sulfur content of
the sulfided Bh was measured by X-ray fluorescence spectroscopy. The
oxidation .state of the Rh surface on the reduced and oxidized catalysts
vas determined by X-ray photoelectron spectroscopy (XPS) using a
Leybold LHS-10 surface analysis system.

4.2.2 Experimental Procedure

C0 adsorption was conducted by exposing the catalysts to 1-10
atm of CO0 at 301 K. Gaseous CO was removed by flowing nitrogen. The
infrared spectra of adsorbed CD were recorded at 1 atm. The reactivity

of the adsorbed C0 was investigated by introducing C,H,/H; (molar ratio



of (32H4:H2 = 1:1) to the adsorbed C0 in the IR cell which served as 43
batch reactor. The reaction of the preadsorbed CD with C.Hs and H, was
carried out at 301 K and a pressure of slightly above 1 atm. The
infrared spectra of adsorbed CO and intermediates during the reaction
vas measured as a function of reaction time.

Steady- state ethylene hydroformylation over the reduced,
- oxidized, and sulfided Rh/Sil, catalysts was carried out in the IR cell
~ at 373-513 K and 1-10 atm. Infrared spectra were recorded as a
function of time on stream. The effluent of the IR cell was sampled
after 40 min at each reaction condition and was analyzed by the on-line
gas chromatograph. '
- 4.3 Results
4.3.1 X-Ray Photoelectron Spectroscopy

Figure 4.1 shows the XPS spectra of the Rh/Sill; following
different treatments. The Rh 3d;,» and 3ds,. binding energies for the
Rh/5ill; after exposure to air were observed at 312.3 and 307.5 ev,
respectively. Following the reduction at 513 K, the Rh surface was
reduced as indicated by the downshift of 0.8 - 0.9 eV. Subsequent
oxidation in air at 513 K shifted the Bh 3ds,» and 3ds; binding
energies back to 312.2 and 307.6 eV. The difference of 0.8-0.9 eV in
binding energy between the reduced and oxidized Rh/Si0; clearly
indicates that the Rh surface on the reduced BRh/Sil; contains primarily
Rh° atoms; and the Rh surface on the oxidized Rh/Sif; comprises mainiy
Bh* ioms. | |
4.3.2 C0 Adsorption

Figure 4.2 shows‘the infrared spectra of CO adsorption on the
reduced Rh/Sil, at 301 K. . Tvo intense bands at 2073 and 1898 cm-! are
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assigned to the linear (terminal) and bridged CD adsorbed on the 46
reduced Rh crystallite surface, rgspectively. The small band at 2104
cm-1 and the shoulder at 2037 cm-! are attributed to the symmetrical
and asymmetrical C-0 stretching of BRh*(C0)z, the rhodium
gem-dicarbonyl. Assignments of these adsorbed CO species agree well
vith those reported for CO adsorption on supported Bh [119-125].

The‘ intensity of the gem- dicarbonﬁl bands slowly increased with
exposure time, but the intensity of the bridged CO band remained
essentia.lly constant. A further increase in the intensity of the
gem- dlcarbonyl bands was observed after exposing the cata.lyst to 3 atm
of C0. The slow development of gem-dicarbonyl has beem attributed to
the disruption of Rh crystallites and the formation of isolated Rh*
sites [122]. Removal of gaseous CD by flowing nitrogen caused
decreases in the intensity and wavenumber of linear CO0 and bridged CO
bands. The decrease in the (0 wavenumber has been attributed to the
decrease in dipole-dipole interactions between adsorbed CD species
[118].

Figure 4.3 shows the infrared spectra of C0 adsorption on the
oxidized Rh/Si0; at 301 K. The band at 2096 cm-! developed and shifted
to 2101 cm~! as exposure time increased. A low intemsity band at 2025
cm-! also increased in intensity with exposure time. Exposing the
catalyst to 10 atm of CD produced a complex infrared spectrum. The
development of various IR bands for adsorbed C0 species can be clearly
discerned in the differemce spectra, shown in Figure 4.4, which
highlights the difference between successive spectra in Figure 4.3.
The upward shift of the 2096 cm™! band as the intemsity increased

jindicates that the band is not completely due to the symmetric
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vibration of Rh*(CU)z Secaus,e the wavenumbers of symmetric and 49
asymmetric bands of Rh*(C0); do not change with their intensities
[119-121]. The 2096 cm™! band is assigned to the linear C8 adsorbed on
the Rh* jons. Linear CO adsorbed on Rh* is known to give an IR band in
‘the 2100-2090 cm-! region [119-125]. Part of the 2096 cm~! band may
be due to the symmetric vibration of Rh+*(C0), which also gave rise to

- the asymmetric vibra.fion at 2025 cm~!. The complex spectrﬁm resulting
- from exposure to 10 atm of C0 consists of bands at 2108, 2096, 2078,
2040, 2007, 1882, and 1857 cm-t. The species is quite stable in
nitrogen flow. The spectrum does not match with the spectra of various
types of Rh carbonyls such as Rhs(CB);, and BRhg(C0)ss [48]. The
structure of the resulting complex remains unclear.

Figure 4.5 shows the infrared spectra of CD adsorption on the
sulfided Rh/Si0, catalyst at 301 K. C0 adsorption produced a band at
2090 cm-! which may be assigned to a linearly adsorbed CO. Exposure of-
the sulfided catalyst to C0 for 60 min resulted in an increase in the
intensity of the linear CD band and ar upward shift of its wavennmbér
to 2095 cm-t. Two bands at 2029 and 2005 cm-! are due to the weakly
adsorbed CO on the catalyst surface as indicated by the decreasing
intensity of these bands in flowing nitrogen.

4.3.3 Reaction of Adsorbed CO with CoHs and H,

Figure 4.6 shows thé infrared spectra taken during the reaction
of C;Hs and Hy with the preadsorbed CD on the reduced Rh/Si0; catalyst
at 801 K. The infrared spectrum prior to admission of CpH,/Ha
exhibited linear C0 band at 2070 cm-!, bridged €O band at 1891 cm-1t,
and gem-dicarbonyl bands at 2104 and 2040 cm-i. Exposure of adsorbed

C0 o CoHy/H, decreased the intensity and wavenumber of the linear CO
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band at 2070 cm-!. At the same time, the propionaldehyde band at 52

1724 cm-! emerged. A slight decrease in the intemsity of
gem-dicarbonyl bands was also observed. The consumption of iinear co
and the formation of propionaldehyde indicate that the limear C0
adsorbed on the 1% crystallite is the major type of adsorbed C0 which
participates in CD insertiox; leading to the formation of .

" propionaldehyde at 361 K and 1 atm. The spectra for hydrocarbons in
the 2650 - 3200 cm-! region show that ethyleme bands at 3124, 3077, and
2088 cm-! depleted as ethane bands near 2954 and 2894 cm-! increased in
intensity. The simultaneous formation of propionaldehyde¢ and ethane
indicates that the insertion of C0 into adsorbed ethylene competes with
ethylene hydrogenation.

Figure 4.7 shows the reaction of C;Hy and H; with the
preadsorbed CO on the oxidized Rh/Sil, catalyst at 301 K. The infrared
spectrum of adsorbed C0 prior to expdsnre to C,H4 and Hy is idemtical
to that shown in Figure 4.3. Admission of C;H,/H, to the preadsorbed
C0 resulted in the formation of the propionaldehyde band at 1732 m;l
and a band at 1632 cm-!, and a dramatic variation of CD bands in the
2105-1860 cm-! region. No bands which can be attributed to an adsorbed
acyl speciés or complex were observed. The 1631 cm™! band may be
assigned to the carboxylate species of which carbon attaches on two
oxygen atoms [117]. The role of this species in the propionaldehyde
formation remained unclear.

The change in IR spectra of adsorbed C0 upon admission of
CqH,/H2 and during the reaction can be clearly discerned by the
difference spectra as shown in Figure 4.8. The difference spectrum

4.8 a3 shows a very complex pattern which is the mirror image of
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spectrum 4.4-¢. The unknown species exhibiting the complex 55
. spectrum dis;appeared upon admission of CzHy4 and H». The species
appears to be unstable under reaction conditions; its relation to
propionaldehyde formation remains unclear. A clear relationship
between the variation of adsorbed C0 and the formation of
propionaldehyde can be observed after 3 min of the reaction. The
decrease in the intemsity of the band at 2105 cm-! appears to correlate
to the increase in the intensity of the propionaldehyde band at 1732
co-! s suggesting that the limear CO adsorbed on the Rh* site is
involved in C0 insertion leading to the formation of propionaldehyde.

Figure 4.9 shows the changes of infrared spectra taken during
the interaction of C,Hs and H, with preadsorbed CO0 on the sulfided
Rh/Si0; catalyst at 301 K. The intensity of the linear C0 at 2091 cm-!
decreased upon the addition of C;Hy and H,. Neither.detectable
propionaldehyde nor\ ethane was observed during the entire period of the
reaction study. The lack of activity of the sulfided catalyst for
catalyzing propionaldehyde and hydrocarbon formation may be due to a
strong inhibition of ethylene and hydrogen adsorption brought about by
adsorbed sulfur at 301 K.
4.3.4 Steady State Fthylene Hydroformylation

Figure 4.10 shows the infrared spectra for ethylene
hydroformylation on the reduced Rh/Sil; catalyst. The rate of product
formation corresponding to the infrared spectra are presented in Table
4.1. Ethane was the major product; methane and propionaldehyde were
minor prodncts at 373 K and 1 atm. Under the same reaction conditionm,

the infrared spectrum shows the prominent linear C0 band at 2042 cm"!

and the bridge CO band at 1871 cm"!. Increasing temperature from 373
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to 513 K at 1 atm resulted in a significant increase in the rate 59

of formation of ethane and propionaldehyde and a slight increase in the
selectivity toward ‘propionaldehyde. Increasing the reaction
temperature also reduced the intensity and wavenumber of the linear CD
and bridged CO bands, but increased the intemsity of hydrocarbon bands.
A wavenumber decrease for the linear CD and bridge C0 has been .

" attributed to a decrease in the dipole-dipole coupling between adsorbed
C0 [118] as a result of the dilution of adsorbed C0 by adsorbed
propionaldehyde and hydrocarbons.

Subsequent increases in pressure from 1 to 10 atm at 573 K
further increased the rates of formation for methane, ethane, and
propionaldehyde by factors of about 4.6, 8, and 17.5, respectively.
The use of high pressures significantly enhanced the selectivity to
propionaldehyde. The increases in pressure also cansed a slight
increase in the intensity of the iinear co band, the formation of the
propionaldehyde band at 1730 cm-t, and development of intense ethane
bands at 2946 and 2890 cm~!. No infrared evidence of C0 adsorbed on
Rh* ions was observed during the emtire course of reaction studies on
the reduced Bh/Si0,.

Figure 4.11 shows the infrared spectra as a function of time
for ethylene hydroformylation on the oxidized Rh/Sil; catalyst at 373 K
and 1 atm. Low reaction temperature and pressure were used to prevent
the oxidized Rh surface from complete reduction. The rate of product
formation corresponding to the IR sp'ectra. is listed in Table 4.1.
Ethane, propionaldehyde, and methane were the major products. The
infrared spectrum corresponding to the rate data showed the adsorbed CO
band in the 2083-1800 cm"! region. The 2083 cm-! band is assigned to
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linearly adsorbed C0 on Rh* ions. The intemsity of the ba.nd 61

remained constant during the reactions. Repeated studies showed that
the 2083 cm"! band evolved from the band in the 2096-2105 cm™! region
which was assigned to the linear CO on the Bh* site (shown in Figure
4.7). The bands at 2025 and 1881 cm-! are due to the linear C0 and
bridged CD on the reduced Rh crystallites. The presence of linear and
" bridged CO bands as| vell as the formation of CO, (at 2360 and 2340
cm-t) on the oxidized Rh/Sil, indicates that the oxidized Rh surface
vas partially reduced during the reactionm.

The 1560 cm™! band and the 1410 cm~! band (not shown in Figure
4.11) may be assigned to the bidentate of which oxygen atoms attach on
-a surface metal atom [89,117]. Studies on C; oxygenate synthesis over
Rh/Ti0; and Mn-Rh/Si0; have suggested that the bidentate species is the
reaction intermediate for the formation of C, oxygenafes [89]. Im
contrast, Fukushima et al. [93] have proposed that the bidentate
species is formed from the spill-over of an adsorbed acetyl Specieg on
the Rh metal t.o the oxide. The propionaldehyde band at 1733 cm~! and
the ethane bands at 2950-2890 cm-! decreased slightly in intensity with
reaction time while the bidentate band at 1560 ¢m-! remained constant
during the reaction. The propionaldehyde band observed on the oxidized
Rh/Si0; is significantly more intemse than that on the reduced Rh/Sil;
(shown in Figure 4.10). The results are comsistent with the
considerably high propionaldehyde selectivity observed on the oxidized
Bh/Si0; compared to the reduced Bh/Sil,.

Figure 4.12 shows the infrared spectra of ethylene
hydroformylation on the sulfidgd Rk/Si0;. The rate of product
formation is listed in Table 4.1. At 373 K and 1 atm, the linear CD at
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2090 cm-! was the only adsorbed CO on the catalyst; methane and 63
ethane were the observed products. Increasing the reaction temperature
from 373 to 513 K at 1 atm reSnltéd in the formation of propionaldehyde
and an increase in the rate of formation of hydrocarbons. The increase
in temperature also caused an increase in the intemsity of the linear
C0 band and emergence of weak propionaldehyde and hydroca;'bon bands.

' Subsequent increases in reaction pressure from 1 to 10 atm at 513 K

' slightly increased the intensities of the linear C0 and further
enhanced the intensity of the propionaldehyde and hydrocarbon bands;
the inéreasing pressure also increased the formation rates of methane,
ethane, and propionaldehyde by a factor of 4, 19.5, and 62.8,
respectively. High pressure greatly enhanced the rate and selectivity
for the formé.tion of propionaldehyde.

4.4 Discussion

4.4.1 Characterization of the Bh Surface by Infrared Spectroscopy of

C0_Adsorption
The types of C0 adsorbed on the Rh catalysts are very semsitive

to the structure and chemical environment of the Rh surface. It has
been well established that the reduced Bh crystallite surface chemisorb
C0 as linear and bridge C0 species; the oxidized Bh surface contains
isolated Rh* sites which adsorb C0 as gem-dicarbonyl [119-125]. The
sulfided Bh surface also possesses isolated Bh sites which have been
suggested to carry positive charges; these sites chemisorb C0 as linear
C0 or gem-dicarbonyl [112].

Three types of adsorbed CO species including linear CO, bridge
€0, and gem-dicarbonyl were clearly observed from the spectra of CO

adsorbed on the reduced Rh/Sil, catalyst, as shown in Figure 4.2. The




results indicate that the surface of the reduced Rh/Sil; conmtains 64
both reduced BRh crystallite and isolated Rh+ sites. XPS studies
revealed that the surface of reduced Rh/Sil; prior to CO adsorption
contains primarily the reduced Rh® atoms. The observation of
gem-dicarbonyl suggests that CO adsorption led to the formation of
isolated Rh* sites on the reduced Rh/Sif;. The formation of Bh+(CD),

~ from adsorption of CD on Bh® sites has been found to involve isolated
OH groups. The process can be reversed by hydrogen treatment

[144- 146]. |

XPS studies (shown in Figure 4.1) have shown that oxidation of
the reduced Rh/SiB; at 513 K produced the oxidized Bh/Sil, whose
surface contains primarily Bh+ ions. C0 adsorption on the oxidized
Rh/Sif; produced linear C0 and gem dicarbonyl adsorbed on the isolated
Rh* ions. Increasing CD pressures led to formation of bridge CO
adsorbed on Rh crystallites as well as an unknown C0 species. The
formation of bridge CO indicates that part of the oxidized Rh surfa:ce
was reduced during C0 adsorptiom.

4.4.2 (0 Insertion .

The metal carbonyl hydrides play a cemtral role in the
catalytic chemistry -of CB insertion [47]. Metal carbonyl hydride such.
as lICo(CUI)4 can protonate methanol resulting in the formation of methyl
cobalt intermediates and the subsequent migratory C0 insertion leading
to the formation of ethanol. The labile nature of the N-H bond in the
metal carbonyl hydride also permits olefin imsertion leading to the

formation of an alkyl metal intermediate; the following migration of




the alkyl group to the carbon of the C0 liga.ed (also known as the 65

migratory (D insertion) resulted in the formation of an acyl

intermediates [45,46].

R R
/ - /’: CO
(CD)<¥-R = CU),-;H\ = (CD)"‘l!.E o (CD);H—lC-R
' C

co
R: alkyl group M: metal
In the process of the migratory CO insertion, the metal center of the
carbonyl species maintains its oxidation state of +1 [46-50]. The
reaction has been observed for all group VIII metal carbonyls and
complexes [48]. |
The apparent analogy between the well-defined orgamometallic
reaction steps and the elepenta.ry step on the heterogeneous catalyst
surface has been used as a basis for the development of C0 insertion
mechanism on the 'eerface of supported Bh catalysts [39,54,55]. The
suggested pathway for the CD insertion in ethylene hydroformylation
over supported Bh catalysts is presented as following [39,57];

A Glis 00 8%3 +H
Czlh —_— }/// —_— C—ﬂ — CoH5;CHO

o\ =

CoHe C;HC

The formation of propionaldehyde involves three major steps:
hydrogenation of adsorbed C,H; to form adsorbed ethyl species,

insertion of adsorbed C0 into *C;H; to form adsorbed acyl species, and




then hydrogenation to produce propionaldehyde. The occurrence of - 66
migratory C0 insertion on the metal center with an oxidation state of
+1 in organometallic chemistry suggests that C0 insertion may also take
place on the Rh* site on the supported Rh catalyst [40]. The mechanism
involving C0 insertion on the Rh* sites has been proposed on the basis
of the following observations: (i) pre-oxidation of Bh foil increased

" the initial rates and selectivity for the formation of ox&gena.tes from
C0 hydrogenation and ethylene addition [58], and (ii) the catalysts
containing Rh* ions exhibited higher rates for C; oxygemate synthesis
and ethylene hydroformylation than those containing Rh° [58,59,64,65] .
On the contrary, lack of correlation of the activity for C,. oxygeﬁate
synthesis and ethylene hydroformylation to the Rh* concemtration has
been reported by a number of studies [66-67]. It should be noted that
the sites for C; oxygenate synthesis include C0 dissociation,
hydrogenation, and C0 insertion sites while ethylene hydroformylation
occurs on hydrogena.tion and C0 insertion sites. The catalysts which
are active for ethylene hydroformylation generally show high
selectivity for C; oxygenate synthesis [39,55,68,57].

The correlation between the formation of propionaldehyde and
consumption of specific forms of adsorbed €0 should permit unequivocal
identification of the forms of C0 involved in the CD insertion leading
to the formation of propionaldebyde. The direct correlation between
the propionaldehyde production and the linear CD consumption observed
in Figure 4.6 and 4.8 indicated that linear C0 adsorbed on the Rh° site
participates in C0 insertion on the reduced Bh/Sil;; linear CD adsorbed
on the Rh* site takes part in CD imsertion on the oxidized Bh/Sil;.
Other adsorbed CD species including gem-dicarbonyl and bridge CO serve



as spectator species which are not involved in the reaction. 67

‘Comparison of the rate of growth of propionaldehyde bands in Figures
4.6 and 4.7 shows that the oxidized Rh/Sil; is more active for
catalyzing the formation of propionaldehyde than the reduced Rh/Sil;
suggesting that Rh* sites are more active for (0 insertion than Rh°
sites. _

The dominant CO species observed during ethylene.
hydroformylation on the reduced Rh/Si0, are the linear CO and bridge CO
adsorbed on the‘Rh° crystallite sites. High rate of ethane formation
- and-low rate of propionaldehyde formation on the reduced Rh/Sil; as
compared to the oxidized and sulfided Rh/Si; catalyst can be
attributed to the high hydrogenation actiﬁity of Rh crystallite
surface. The variation of reaction temperatures and pressures from 373
K and 1 atm to 513 K and 10 atm has littie influence on the adsorbed
C0. Comparison of the wavenumbers of limear C0 in Figures 4.6 and 4.10
shows that the linear €0 under hydroformylation conditions exhibits
lower wavenumbers than those observed under CO adsorption. This is
primarily due to the dilution.of adsorbed C0 by adsorbed reactants and
products. The dilution effect can be further confirmed by the
‘observation that the decreasing wavenumber and intemsity of the linear
C0 band is accompanied by the growing hydrocarbon and propionaldehyde
bands shown in Figure 4.10.

" The linear CO on the Rh* sites as well the linear CD and bridge
C0 on the Rh° sites are the major adsorbed C0 species during ethylene
hydroformylation on the oxidized Rh/Si0;. The results indicate thét
both Rh* and Bh° sites are present on the oxidized Rh/5i0; during the

reaction. Due to fhe Jack of information on the number of active sites




on the reduced Rh and oxidized Rh catalysts, the direct comparison 68

of the activity of these two catalysts is not possible. However, the
intensity of the linear and bridge CD may be used for a rough
comparison of the amount of CO adsorbed on the catalyst assuming the
extinction coefficient of the adsorbed CO on Rh® sites is similar for
both the oxidized and reduced Rh/Si0;. The intensity of linear CO and
" bridge €0 on the Rh° sites is greater on the oxidized Eh/Si0; than on
the reduced Rh/Sil; indicating that the oxidized Rh/Sil; has a greater
amount of Rh® sites than the reduced Rh/Siﬁz; In spite of the surface
of the oxidized Rh/Si0; containing considerable amount of Rh° sites,
the oxidized Rh/Si0, ca.talyét exhibited higher selectivity to
propionaldehyde than the reduced Rh/Sifl; in steady-state ethylene
hydroformylation. The high activity and selectivity of the oxidized
Rh/5i02 appears to be due to the presence of Bh* sites on the oxidized
Rh/S5ibz. Our results are in good agreement with previous reports for
the catalysts containing Bh* sites which exhibited high selectivity for
C, oxygenate synthesis and ethyleme hydroformylation [39,40,58,65].
The different conclusions drawn from various studies on the
active site for C0 insertion can be reconciled by results of the
present study. Results of this study have shown that both single Rh°
atoms and single Bh* ions are active for (0 insertion. The observation
of Rh® catalyzing C0 insertion is in good agreement with previously
observed high C; oxygenate synthesis and hydroformylation activities
for LaRh0; and Rh/V,0; which contain only Bh® sites [66-68]. It is
likely that the Bh® on the surface of these catalysts is also in single

atom state.



The importapt fole of the single Rh atom site in C0 69
insertion can be demonstrated by the high selectivity and activity of |
the sulfided Rh/Sil; for ethyleme hydroformylation. The bridge CO
sites can be blocked by adsorbed sulfur [55,74] resulting in the
formation of isolated Rh sites which give rise to only linear C0 as
shown in Figure 4.5. Comparison of the rate data and IR data for the

' reduced and sulfided Bh/Si0, catalysts shows that the rate,

- selectivity, and infrared intensity for propionaldehyde are greater on
the sulfided Rh than on the reduced Rh at 513 K and 10 atm. Adsorbed
sulfur also shifts the wavenumber of linear CO to higher wavenumber
indicating that adsorbed sulfur makes the neighboring Rh atom more
electropositive. In spite of its high activity and selectivity for
ethylene hydroformylation, the sulfided Rh/SiD; exhibited little
reactivity for the reaction of CyHs and Hp with adsorbed CD at 301 K as
a result of the inhibition of C,Hs/H» adsorption brought about by
adsorbed sulfur.

Additives including Ag [85], Zn [83,84], and Fe [86] have been
found to block bridge C0 sites. The blockage of bridge C0 sites by
these additives increases the ratio of the linear CO to bridge C0 sites
resulting in enhancement of C0 insertion selectivity. Pomec and
coworkers [66] have suggested that the blocking of the Rh surface by
supports such as Vz0; could result in the suppression of hydrocarbon
formation and the enhancement of the selectivity for C2 oxygenate
synthesis. In addition to the site blockage effect of additives, other
possible effects of additives on C, oxygemate synthesis include the

following: stabilization of Rh™* sites, activation of C0 by oxophilic



additives (¥n and Zr), stabilization of the oxygenated intermediates 70
[11,64,92]. |

Although the reduced, oxidized, and sulfided Rh/Si0; catalysts
exhibit C0 insertion activity, the selectivity of these catalysts for
the C0 insertion reaction remain significantly lower than that of Rh
carbonyls and complexes which. have long been used for commercial
* hydroformylation and carbonylation [46-49]. An understanding of the
role of C0 insertion sites in hydrogenation, the side reaction of
hydroformylation, is essential for the improvement of selectivity of
heterogeneously supported-metal catalysts for the C0 insertion related
reactions. '
4.5 Conclusions

The linear CO species adsorbed on both single Rh® atom and Rh*
ion sites have been found 136 participate in CO insertion leading to the
formation of propionaldehyde from C;H, and H,. The linear CB on the
Bh+ site of the oxidized Rh/Sil, appears to be more active for CD
insertion than those on the reduced Rh° site of the reduced Rh/Sil;.
These results show that both single Rh® atom and Rh* ion sites serve as
active sites for C0 insertion. The dominant Cﬁ species in ethylene
hydroformylation are the linear C0 and bridge C0 on the Rk® crysvallite
surface of the reduced Rh/Sif,, linear CO on the Rh* sites as well as
the linear CD and bridge CD on the Rh® crystallite surface of the
oxidized Bh/Si0;, and the linear CO on the sulfided Rh/Sil;. The
oxidized BRh/Sill; exhibited higher rates and selectivities for the
formation of propionaldehyde than the reduced Bh/Sif; at 313 K and 1

atm; under high pressure and temperature (513 K and 10 atm) the
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sulfided Rh/5i0, exhibited higher rates and selectivities for the

formation of propionaldehyde than the reduced Rh/Sil,. The difference
in activity and selectivity of these catalysts for ethyleme
hydroformylation can be attributed to the different surface states of
Rh on these catalysts. Both electronic state and geometric structure
(size of ensembles) of surface Rh atoms play important roles in

determining C0 insertion activity and selectivity.



CHAPTER V
HIGHER OXYGENATE SYNTHESIS FROM REACTION OF ETHYLENE WITH
SYNGAS ON Ni/Si0; AND SULFIDED Ni/Si0,

- 5.1 Tntroduction

The reaction of ethylene with syngas has been used as a probe
reaction for investigating the mechanism of the Fischer- Tropsch (F-T)
synthesis and the activity of F-T catalysts for catalyzing the specific
reaction stéps [68,74,94] . The added ethylene may undergo various
specific reactions: (i) hydrogenation, (ii) chain incorporation, and
(iii) Ci) insertion leading to the formation of ethane, Cj.
hydrocarbons, and propionaldehyde, respectiveiy. The selectivity of
F-T catalysts has been shown to depend on their capabilities for these
specific reactions [58,94]. In general, a catalyst which exhibits a
strong C0 insertion activity is active for producing C;. oxygenates in
the F-T synthesis. The catalysts including Rh, Ru, Co, Fe, and Mo have
been shown to exhibit the activity for CO insertion [36-44].

Ni is known to be an active catalyst for the F-T synthesis
[8,57]. Due to its high methanation activity and selectivity, the
catalytic capabilities of Ni catalyst for other syngas related
reactions have been overlooked. Our recent study found that Ni/Si;, a
methanation catalyst, exhibits CD insertion activity; its activity for
C0 insertion is comparable to that of Rh which is known to be the most

72



active for CO 1nsert10n, and sulfur poisoning of both Ni/Sib; and 3

BRh/Sil; catalysts leads to enhancement of ethylene hydroformylation in
reaction of ethylene with syngas [74].

The present study was aimed at developing a better
understanding of the CO insertion reaction on Ni/Si0; catalysts. In
situ infrared spectroscopy studies of C0/H; and CH4/CO/H, reactioms
© were undertaken. The enhance of ethyleme hydroformylation over Ni/Si0,

through sulfur promotion was studied.

5.2. Experimental
5.2.1 Catalyst Preparation and Characterization

i4.4 wt’ Ni/Sil; was prepared by impregnation of Sill; using
Ni(NO3), 6Hp0. The procedure of the catalyst preparation has been
described in Chepter III. The Ni crystalline size was determined to be
108 °A by X-ray diffraction 1ine~br6adening. The catalysts for the
study were ground to a fine powder and pressed into a disk with 25 mg.
The catalyst was reduced in H, flow at 513 X for 1 hr before reaction
studies. Sulfidation of Ni/Sil, was performed by passing 1000 ppm ﬁgs
in Hy through the IR eell at 513 X for 1 hr.
5.2.2 Experimental Procedure

C0/H, and C,H4/CO/H, Teactions on Ni/Sil; were studied in the
IR cell at 513 K and 1-30 atm. IR spectra were taken under steady-
state (8.5.) flow condition and closed system (C.S.). Steady-state IR
spectra were recorded after reactant flow was maintained at steady
state for 20 min. Subsequent to recording each S.S. IR spectrum, the
composition of reactor effluent was amalyzed by 6C. The reaction
pressure was raised by shutting off the reactor effluent and

maintaining constant inlet flow rate. Once the desired pressure was



reached, the reactor inlet was closed to maintain the pressure at 4
constant for 5 min prior to recording C.S. IR spectrum.

5.3 Results and Discussion

5.3.1 CO/H, Reaction on Ni/Sil,

IR spectra of CO/H; reaction on Ni/Sil; at 513 K, 1-20 atm are
shown in Figure 5.1. Table‘S.l shows the rates of C0 conversion and
product distribution corresponding to each IR spectrum taken under
steady-state (S.S.) condition. Two major bands were observed for CO/H,
reaction at 1 atm: linearly adsorbed CD at 2046 cm-! and bridge-bonded
CO at 1890 cm-i. Bands around 2927 cm-! can be assigned to the C-H
stretching vibration of hr irocarbon species. Methane was identified to
be the major product while no oxygenates were observed under these
conditions. As the reaction pressure was slowly increased to 10 atm, a
band at at 2055 cm-1 beca.mé prominent whereas the band at 2046 cm-! was
attenuated. The ‘increases in reaction pressure also led to marked
decreases in the rate of C0 conversion. Shutting off the reaction
inflow and outflow and maintaining the reaction pressure at 10 atm led
to further growth of the band 2055 cm-t. This band corresponds to the
vavenumber of gaseous Ni(CO0)4 [114]. Resuming the S.5. flow condition
and keeping in the reaction pressure at 10 atm resulted in a marked
decrease 1n the intensity of both Ni(C0)4 and bridge C0 band. The band
at 2055 cm-! was also observed in the gas sample collected from the
effluent of IR reactor cell. These observations indicate that Ni(CO),
produce from carbonylation of Ni surface was transported with reactant
stream from the catalyst to the reactor effluent.

Increasing reaction pressure from 10 to 20 atm and maintaining

the steady-state reaction flow resulted in reduction of all the
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adsorbed C0 and Ni(CO)4 bands. This increa.sé in the reaction 4
pressure also led to the decrease in C hydrogenation activity (see
Table 5.1). Chemical analysis of the Ni catalysts also revealed that
the Ni loading decreased from 14.4 % (fresh catalyst) to 6.9 % during
the emtire period of CD hydrogenation study. These results suggest
that part of the Ni atoms for CO hydrogena.tion have been removed from
- Ni/8i0; by carbonylation. Carbonyl fonﬁa.tion can be one of the major
causes for deactivation of Ni-based catalysts for the F-T reaction
[8,114].
5.3.2 CoH4, 0/Hy Reaction on Ni/Sil,

A fresh Ni/Si0; was used for IR studies of C,H4/C0/H» reaction.
Figure 5.2 shows IR spectra of C,H4/CO/H, reaction. Gaseous ethylene
bands appeared around 1915, 1859, 1466, and 1414 cm-i. Comparison of
IR spectra of C,Hs/C0/H; with those of CO/H» (Figure 5.1) shows that
the addition of ethylene to syngas caused a downward shift of both
linear and bridge C0 bands at 1 atm. The downward shift of C0 bands
may be attributed to the dilution of the adsorbed CD layer caused by
adsorbed ethylene species [118]. As shown in Table 5.2, the major
hydrocarbon products of the reaction are methane and ethane. High
ethane fox;mation rate indicates that the majority of ethane are formed
from ethylene hydrogenation. Hydrogemolysis of C; hydrocarbons appears
to occur to a significant extent as indicated by high methane formation
rate in the C,H,/C0/H, reaction compa.red vith that in the CO/H,
reaction. Appreciable amount of propionaldehyde and 1-propamol was
also observed at the pressure above 1 atm. As the pressure was
increased to 10 atm, the bands at 1721 and 1678 cm‘i“bega.n to appear.
The former corresponds to adsorbed propionaldehyde. The band at 1678
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cm-1 may be assigned to adsorbed acyl species (Ni(CO)C;Hs) which is 80

analogous to acyl-rhodium species [36,38]. The presence of adsorbed
acyl species suggests that the propionaldehyde may be formed via CO
insertion pathway on Ni.

Comparison of the IR spectra as well as product formation rate
in Figure 5.2 and Table 5.2 'shows several interesting features of
" pressure effect on the IR spectra and the rate of product formation.
Increases in total reaction pressure led to (i) increases in the
intensity of Ni(C0), band under €.S. condition, (ii) increases in the
intensity of both linear and bridge C0 for the pressure from 1 to 10
atm and decreases in intemnsity of both adsorbed CO for the pressure
above 10 atm, (iii) increases in the rate of formation of
propionaldehyde and 1-propanol, (iv) decreases in the rate of ethane
formation from 10 to 30 atm, and (v) decreases in the rate of methane
formation. It is important to point out that the Ni(CO0)4 band observed
under S.S. condition is always smaller than that of Ni(C0)4 observed
under C.S. condition. This is due to the removal of gaseous Ni(CD)4 by
the steady-state reactant flow. The removal of Ni from the Ni/Si0; is
also evidenced by the decrease of Ni loading from 14.4 7 to 7.2 7
during C.H,/CO/H; study.

Carbonylation of Ni/Sil, which was observed in C0 hydrogenation
was also observed in reaction of ethyleme with syngas as indicated by
the formation of Ni(C0), at high pressure. Comparison of tramsmission
electron microscopy of both fresh and used catalysts shows mo obvious
difference in the size of Ni particle. Carbonylation of Ni/Sil, under
reaction.conditions, especially at high pressures,. led to the removal

of the reduced Ni atoms resulting in decreases in rates of CD



hydrogenation and ethylene hydrogenation as well as in the IR 81

intensity of adsorbed C0 band.

At the end of both CO/H; and C,Hs/CO/H, reaction studies,
almost 50% of Ni was removed from the Ni/Si0, catalysts and the
catalysts exhibited very weak bands of adsorbed CO indicating that part
of the Ni remains on the Ni/Si0; may not be in the reduced state. This
. may be due to incomplete reduction of the Ni catalyst at the reduction
. temperature of 673 K. It has been shown that reduction of Ni oxide to
the zero-valent Ni is the required step for the carbomylation of Ni
oxides to Ni(C0)4 [48]. Infrared studies of C0 adsorption on unreduced
Ni catalysts revealed that carbomylation did not occur on the unreduced
catalysts. Although the intensity of the Ni(C0), band is in parallel
with the rate of formation of propionaldehyde, Ni (Cltl)4 is well known to.
be inactive for homogeneous hydroformylation .[48]. The active sites -
for the formation of propionaldehyde appear to be on the surface of the
Ni/Si0, catalysts.

In contrast to C, oxygenate synthesis catalysts such as Rh
[39,57], Ni/Si0;, which exhibits strong methanation activity during
CO/H, reaction, is active for catalyzing the formation of
propionaldehyde in the reaction of ethyleme with syngas. The reason
for the absence of a correlation in the oxygenate selectivity between
C0/H; and C,H,/CO/H, reactions on the Ni/Sill, remains unclear.

5.3.3 Sulfur Effect on Bthylene Hydroformylation

' Table 5.2 shows comparison of the reaction rate and product
selectivity for ethylene hydroformylation over sulfided Ni/Si0;
(S-Ni/Si0,) and Ni/Si0,. The data for both catalysts were taken at the

same interval since the onset of the reaction. Sulfidation led to an




increase in propionaldéhyde selectivity by a factor of 3-4 at 513 K 82

and 1-30 atm. Such an increase in selectivity to propionaldehyde can
be attribuf.ed 10 the reduction in the rate of ethylene hydrogenation
and the enha.ncement in the rate of ethylene hydroformylation at
pressures from 10 to 30 atm brought about by adsorbed sulfur. While
adsorbed sulfur is known to poison olefin hydrogenation [97], it

- appears to be effective in promoting ethylene hydroformylation.

As the reaction pressure increased from 1 to 30 atm, the
propionaldehyde selectivity increased on both catalysts. IR spectra
taken for the rea;ction on S-Ni/Si0, corresponding to the product
selectivity and the rate of product formation listed in Table 5.2 are
given in Figure 5.3. .The major bands observed for the reaction at 1
atm are linearly adsorbed C0 at 2066 gm“ and hydrocarbon bands at
2800-3050 cm!. The increase in the reaction pressure led to (i) a
growth of gaseous ethylene bands and hydrocarbon bands due to product
of hydrocarbons, (ii) a shift of the 2066 ca~! band to 20542057 cm"!
vhich is corresponding to Ni(C0)4, and (iii) an emerge of a
propionaldehyde band at 1728 cm-1 and an acyl species at 1678 cm-!.
The absence of linearly adsorbed C0 band at higﬂ pressures appears to
be due .to overlapping by the strong Ni(C0), band. Chemical analysis of .
the catalysts (by Galbraith Lab.) show that the Ni loading decreased
from 14.4 7 (fresh catalyst) to 2.9 7 during the entire period of the
hydroformylation study.

The loss of the Ni is significantly greater for the S-Ni/Sil,
as compared with Ni loss for the reaction on Ni/Sil; for the same
reaction condition. The great loss of Ni from S5-Ni/SiD; may be due to

the promoting effect of sulfur on the formation of Ni(C0)4. Qudar [97]
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has suggested that adsbrbed sulfur coﬁld cause a weakening of the Ni 84
substrate and the Ch— substrate bond; weakly adsorbed CO would be a
better candidate for the carbonyl formation than the more strongly
bonded CO0.

Figure 5.3 also includes IR spectra of ethylene
hydroformylation on Ni/SiD; at 1 and 30 atm. Comparison of IR spectra
- before and after sulfidation at 1 atm shows that sulfidation of the
catalyst led to the suppression of the bridge CO band and the shift of
the linear C0 to higher wavenumbers. The loss of bridge C0 site
indicates that the pair-surface Ni atoms has been 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-C0 bond as a result of decreases in back-donation of electron
from sulfided Ni surface to antibonding of C0 molecules. However, such
a shift was not obvious for the reaction at 30 atm since the prominent
Ni(C0)4 band may cover the weak band of absorbed CD.

Comparison of the rate and IR data at 30 atm for S-Ni and Ni
shows that the intensity of adsorbed propionaldehyde and acyl bands and
the rate of propionaldehyde formation vere greater for §-Ni/Si0; than
for Ni/Siﬂg‘. The results clearly indicate that adsorbed sulfur serves
as a promoter to emhance propionaldehyde formation on the Ni/Sil,
catalyst.. The observations of (i) lack of the bridge C0 and higher
hydroformylation rate on the Ni/Sil; at high reaction pressures and
(ii) the suppression of the bridge C0 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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Due to the ease of the formation of Ni(CO)s; form sulfided

Ni/Sil,, the pure sulfided Ni catalyst is not suitable for the
commercial hydroformylation. Further modification of the catalyst by
addition of promoters to suppress the carbonyl formétion and
hydrogenation is required for the successful development of a Ni-based
catalyst for commercial hydroformylation processes. |

- 5.4 Conclusions

Ni/Si0, shows to exhibit CO insertion activity. In éitu
infrared studies of C0/H; and C,H,/CO/H; reactions on Ni/SiDé show that
carbonylation of Ni/§i0; to Ni(C0)4 leads to an inhibition of
methanation in CO hydrogenation but an enhancement of formation of
prOplonaldehyde in the C,H,/CO/H, reaction.

Sulfidation of Ni/Si0; with HyS lead to a blockage of bridge C0
sites, a blue shift in the wavemumber of linearly adsorbed Cd, an
inhibition of ethylene hydrogenatidn, and an enhancement of the
formation of propionaldehyde from ethylene hydroformylation. Isolated
Ni atom sites which form linear C0 may be responsible for the C0

insertion leading to propionaldehyde in ethylene hydroformylation.




