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SYNOPSIS 

The use of Synthol High Temperature Fischer-Tropsch (HTF-T) pro"ducts as an 

inexpensive and alternative hydroformylation feedstock for producing Oxo 

alcohols has been investigated. These alcohols are precursors for 

biodegradable detergents. 

The HTF-T product targeted as a feedstock source was Synthol Light Oil (SLO}, 

in the Ca to C12 range. 

The aim of the work was to identify a suitable hydroformylation catalyst system 

for use with SLO feeds. Process variables such as feed composition, 

temperature, pressure and contact time were investigated. Emphasis was placed 

on the determination of feed-catalyst compatibility; the development of a 

"working" kinetic model on a batch micro-reactor scale; and extrapolation of the 

results to a continuous catalyst testing unit. An integral part of the work therefore 

involved characterization and quantification of these complex hydroformylation 

systems, as well as the development of methods to achieve this goal. 

Hydroformylation of various SLO fractions in the Ca to C12 range was 

undertaken. As a yardstick, the results were compared with those generated 

using pure 1-decene feed. The results obtained with pure feeds were duplicated, 

and in some cases improved upon when using SLO. 

The Ca_9 , C9 , C10 and C11 _12 single and double carbon number SLO fractions 

tested were prepared by distillation. This, apart from caustic washing to remove 

carboxylic acids, was demonstrated as the only step required to produce 

suitable hydroformylation feeds. Minimal cleanup of the feed was facilitated by 

the apparent "inertness" of non-olefinic components in SLO. These consist of 

various aromatics, oxygenates and paraffins. 

! 
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IV Synopsis 

The olefins in SLO consist mainly of linear a-olefins, mono-methyl a-olefins 

and smaller quantities of internal olefins. Different olefin isomer distributions 

could be obtained by refractionation of the SLO. Feed, as well as resultant 

product compositions, could therefore be tailored according to the distillation 

procedures employed. 

Phosphine modified hydrocarbonyl rhodium and cobalt hydroformylation 

catalysts were screened. These experiments were undertaken with a view to 

maximizing product linearity and establishing feed - catalyst compatibility. In this 

regard, TriPhenylPhospine (TPP) ligand was tested with Rh and Tri-n

ButylPhosphine (TBP) as well as TPP ligands were tested with Co. Various so 

called heterogeneous catalysts based on Co were unsuccessfully evaluated. 

The RhffPP and CoffBP experiments were successful, but the Rh catalysts 

appeared more susceptible to poisoning. 

It was demonstrated that the unique character of the olefin composition and 

distribution in the HTF-T fractions could be exploited in n-alkylphosphine 

modified Co systems. These catalyst systems facilitate isomerization of a-olefins 

to internal olefins and interchange between internal and a-olefins occurs rapidly. 

Despite this however, the aldehydes and alcohols produced are predominantly 

linear because of the higher rate of hydroformylation of the a-olefins. It was 

shown that more internal olefins undergo hydroformylation in pure linear feeds 

compared with SLO feeds. This may be explained due to the methyl-branched 

internal olefins in SLO being thermodynamically favoured, but also being less 

reactive for hydroformylation compared with linear internal olefins. 

Because of the screening results, and the perceived difficulties in efficient 

recycling of Rh catalysts, further work concentrated on phosphine modified Co 

catalysts for the hydroformylation of SLO. This involved constant pressure 

"batch" experiments, and development of a system for quantifying olefins in the 
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complex feeds. 

Emphasis was placed on testing and comparing results obtained with a 

"conventional" n'"alkylphosphine ligand and a bi-cyclic alkylphosphine ligand. 

The specific ligands under consideration were Tri-n-OctylPhosphine (TOP) and 

9-Eicosyl-9-Phosphabicyclonane (EP). 

The following "standard" reaction conditions were selected based on the 

screening experiment results, and using reports in the literature as a guideline: 

Reaction temperature = 170°C; Pressure = 75 bar (g) constant; Syngas 

composition= 2:1 pure H2:CO; Molar ratio of phosphine: Co= 2:1; Stirrer speed · · 

= SOOrpm. 

The kinetics of olefin consumption for both pure linear and HTF-T product feed 

olefins of a single carbon number were shown to be approximately first order 

with respect to the olefin concentration. The rate was directly proportional to the 

. cobalt concentration. This first order relationship was relatively independent of 

the (methyl branched) : (linear) olefin ratio in the F-T feed. It was however 

demonstrated that longer olefins (for example C12 ) reacted more slowly than 

shorter olefins (for example C11 ). 

A kinetic expression describing the effect of carbon number and catalyst 

concentration on the rate of olefin consumption was derived for the Co/EP 

catalyst system. This expression was expanded to include the effect of 

temperature as well as syngas composition and pressure. 

Similar results were obtained with pure 2:1 H2:CO syngas, commercial syngas 

from an existing F-T facility, as well as syngas that had a 14% C02 content. On 

varying the H2:CO ratio in the syngas from 2:1 to 1 :2 and the total pressure from -· 
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45 to 90 bar (g), it was evident that reactions undertaken at 75 bar(g) with a 

H2:CO ratio of 2:1 were suitable for achieving high reaction rates coupled with 

satisfactory product linearity and catalyst stability. 

The catalyst systems were shown to be sensitive to temperature. Temperatures 

of around 185°C and higher resulted in Co/EP catalyst deactivation with 

concomitant precipitation of cobalt. This was ascribed to disintegration of the 

catalyst complex. The selected "standard" operating conditions therefore 

appeared to be in the correct regime. Based on the results in this study, coupled 

to the reported results of other workers, a theory on the effect of temperature in 

Co hydroformylation systems was proposed. The onset of catalyst deactivation 

was linked to the reaction rate and temperature and this was quantified. 

The hydroformylation activation energy (Ea) was calculated as being 99 kJ per 

mole for C10, C,, and C, 2 olefins in SLO with the Co/EP catalyst. This value is 

similar to values reported by other workers, who used different feeds and 

catalysts. The high value of Ea indicates that the system was free of diffusion 

constraints. 

The effect of an alkali modifier - namely potassium hydroxide (KOH) - was 

investigated for pure and HTF-T feeds. Contrary to reports in the literature, KOH 

did not appear to catalyse aldol condensation reactions with resultant heavy 

oxygenate formation at "standard" reaction conditions. Instead, the predominant 

heavier oxygenates were esters. These in turn were mostly formates formed as 

a result of CO incorporation into adsorbed alde~yde intermediates. 

The effect of KOH on Co/EP systems was more marked compared with Co/TOP. 

For the Co/EP systems, the KOH resulted in slower rates of reaction and 

appeared to have a similar effect to that of increasing the EP:Co ratio. 
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A significant quantity of water (10%) in SLO was not deleterious to 

hydroformylation with a CoffOP catalyst. Indeed, an improvement in the 

reaction kinetics was observed. Given the beneficial effects of caustic on 

phosphine modified hydroformylation systems, aqueous caustic washing of the 

feed with minimal drying of the feed may be facilitated. 

Overall, the micro-reactor results indicated that the phosphine modified Co 

catalyst systems were relatively insensitive to the process changes. This is 

indicative of robust catalyst systems and good F-T feed-catalyst compatibilities. 

This "robustness" appeared to be more marked in the CoffOP system 

compared with Co/EP. However, the Co/EP catalyst gave markedly better results 

in terms of rates and selectivities. This was achieved without sacrificing product 

linearities. 

In order to quantify the performance in a continuous reactor system, a kinetic 

model was developed based on proposed reaction pathways. Micro-reactor 

data was used to develop and test the model. The model incorporated not only 

an expression for olefin consumption but also reactions occurring in sequence 

and in parallel to hydroformylation. These reactions are hydrogenation of olefins, 

hydrogenation of aldehydes and formation of esters. 

The model could be successfully applied to all the micro-reactor experimental 

data for the phosphine modified Co experiments undertaken at constant 

pressure. 

A continuous reactor run with Co/EP and a C11 _12 SLO feed was performed. The 

kinetic model was successful in predicting the performance of the larger 

continuous reactor system with respect to conversions and quantities of 

components in the various streams. Furthermore, continuous operation was 

performed for extended periods of time (up to 60 days) which further 
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demonstrated satisfactory feed-catalyst compatibility. 

In addition to the above findings, the following general points regarding the 

suitability of Synthol products, and specifically SLO, became evident during the 

course of the work: 

By combining the F-T and Oxo Syntheses, syngas is the only raw 

material required for producing higher aldehydes and alcohols. 

The fact that sulphur containing compounds are strongly adsorbed onto 

F-T catalysts, means that hydroformylation feedstocks are essentially 

sulphur free. 

Unique hydroformylation products are obtained, based on the 

characteristics of olefins in F-T products. These are linear and mono

methyl a-olefins. The methyl groups are attached at any one position 

along the linear backbone of the a-olefin molecule. 

In contrast, when using conventional feedstocks for hydroformylation, the 

only mono-methyl products that can form, are of the 2-methyl variety. 

The inert components present in the F-T feed can act as combination of 

a built-in solvent and coolant. This so called solvent does not require 

recycling since it has alternative synthetic fuel value. 

Hydroformylation of the olefins in the F-T fractions is an efficient way of 

both separating them from other F-T components, which may otherwise 

be difficult, whilst at the same time converting them to a still more 

valuable product. 

.. The higher and lower molecular weight alcohol products obtained from 

HTF-T feeds may be suitable for the production of biodegradable 

surfactants and plasticizers. 

The feasibility of combining the F-T and Oxo Syntheses has been demonstrated, 

and may be suitable for industrial application. Given the large synfuels industry 



Synopsis IX 

in South Africa, the work demonstrates a process and an opportunity to further 

beneficiate natural gas and coal reserves in this country. 
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1 INTRODUCTION 

1.1 LINEAR ALCOHOLS FOR THE PRODUCTION OF DETERGENTS 

1.1.1 The Current World Detergent Business 

Today, most petrochemical based alcohols, also known as synthetic alcohols are 

produced by hydroformylation of olefins. This process is also termed the "oxo 

synthesis". These "oxo alcohols" are used as precursors for various plasticizers and 

detergents. Typically, C4-10 oxo alcohols are used in plasticizers, and oxo alcohols 

with carbon numbers in the C11_15 range are used in detergents. The estimated world 

production capacity (based on 1995 figures) of these synthetic alcohols is 

approximately 6600 kilotonnes per annum (kt/a) [Beller et al., 1995] of which 

detergent range alcohols constitute around 20%. Around 75% of these detergent 

range alcohols are manufactured by hydroformylation which represents about 1000 

kt/a. The balance (25%) are manufactured using modified Ziegler polymerization 

technology. Prices for synthetic detergent alcohols range between 1100 to 1250 

US$ per ton. This represents an approximate annual turnover of between 1 020 and 

1160 million US$ for these products. It is therefore obvious that hydroformylation 

technology and hydroformylation feedstocks for detergent range alcohols are of 

great industrial and commercial significance. 

The estimated traded volumes of around 90kt/a for a-olefins (C10 and higher) used 

as detergent range alcohol precursors compares with a value of 1000 kt/a for 

synthetic detergent alcohols. It is therefore evident that traded higher alpha olefins 

constitute a small portion of current detergent range alcohol feedstocks. This may 

be ascribed to the fact that most producers of higher synthetic alcohols use 

ethylene or paraffins as starting materials and produce their own higher olefins. In 

addition, oleochemical based alcohols constitute a significant portion of the 

detergent alcohol market (~50%). Existing commercial routes to detergents are 
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illustrated by way of a flow diagram in Figure 1.1. 

Figure 1.1 Current commercial routes to surfactants: Tracing detergent 
components back to their raw materials. 

''Linear" alcohol---------- Linear alcohol ethoxylates 
...---........--.. Ethylene oxide- ethoxylates 

--•• Alcohol ether sulphates 

: r-Alcohol sulphates I 
Ethy ene --=---------Detergent range --=----J Alkyl glyceryl 

Natural fats 
and oils 

primary "lineal'' 
....--+--• alcohols 

.......,_,,..------- ether sulphonates 

~Alkyl polyglucosides 

,....--- Fatty alkanolamides 

a-Sulfomethyl esters 
-----+--, --• Fatty acids i .___ ___ __.I -

r- Fatty amine oxides 

I - I 
Linear olefins -============::+=-=====::_ __ a-Olefin sulphonate 

n-Parraffins -=---_,1~--------+-1' -=~-----• ~=i~~lkane 
..... ---• Linear _ _,y__,..__ ____ .. Alkyl phanolethoxylates 

Benzene 

BUILDING 
BLOCKS 

-=----=======:• alkylbenzene - Linear a!kylbenzene sulphonates 

SURFACTANT PRECURSORS SURFACTANTS 

Source: C&EN [Thayer, 1993] 

The current state of affairs in the detergent business has been outlined recently in 

a product report on soaps and detergents in "Chemical and Engineering News" 

[Ainsworth, 1995]. 

The report indicates that producers of surfactant intermediates (see Figure 1 . 1 ) 

are under pressure due to the current trend of increasing cost of key raw materials 

such as ethylene ,coconut oil and palm oil. This has occurred in the face of 

continued demand for low prices by their customers, namely the soap and 
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detergent formulators and manufacturers, as well as consumers. Ways in which 

surfactant suppliers can stay ahead is by developing new technologies, products 

and by process improvements. An important new consideration in the detergent 

scenario is the potential move by the Department of Energy in the US to require the 

use of more energy efficient technology in washing machines. According to the 

C&EN report, the new washing machines will most likely favour the substitution of 

anionic surfactants such as Linear Alkylbenzene Sulphonate (LAS) with nonionic 

surfactants such as linear alcohol ethoxylates which produce less foam. 

The report goes on to state that although earnings in the surfactant manufacturing 

sector are currently weak, there will be continued growth in the demand for nonionic 

surfactants, based on US forecasts. In household detergents, this growth is 

expected to be in the region of 3.4% per annum from 1993 through to 2005. 

Anionics are expected to maintain their market share for this period. 

An additional important factor that may influence the detergent markets in future is 

the way that aromatic containing surfactants derived from linear alkylbenzene are 

viewed by consumers. Benzene and "environmentally friendly" are generally viewed 

as incompatible terms. Since Linear Alkylbenzene Sulphonates (LAS) and Alkyl 

Phenol Ethoxylates (APE) constitute the major segments of the detergent market, 

as indicated in Figure 1.2, it is conceivable that a change in attitude by consumers 

resulting in a preference for alternative nonaromatic products would result in 

enormous growth of a-olefin and oxo-alcohol derived products. APE, especially has 

been regarded as being troublesome to the environment as it interferes with fish 

breeding patterns [Vines, 1995]. New and alternative sources of raw materials for 

. these products would have to be sought. 

Heavy duty surfactants account for the largest portion of use by industrial, oil field, 

institutional and industrial cleaners, and household end users. A breakdown of how 

households in the USA use surfactants in Figure 1.3 shows that heavy duty 
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detergents do take up the largest share of the surfactants business. 

Figure 1.2 A breakdown of surfactant consumption in North America: 
Comparison between market segment allocation of heavy duty 
surfactants and total surfactant end use application. 

MARKET SEGMENTS 
Detergents in North America (1990) 

SURFACTANT ALLOCATION END USE APPILICATION (%) : 

(millions of kg) : 
LAS t 47% Household 

S+AS 

(146) 

FAM 
FAO 

AE (94) 
38% 
Industrial 

Ho~hold and Linear alkyl benzene sulphonate accounted for the largest 

portion of the surfactant business in 1990. 

Source: C&EN [Thayer, 1993] 

Oil field appl. 

Personal care 

Ind. and inst. cleaners 

The following list of abbreviations apply to the heavy duty surfactant allocation in 

. Figure 1.2 above. 

LAS: Linear alkylbenzene sulphonate 

APE: Alkyl phenol ethoxylates 

FAM: Fatty Alkanolamides 

FAQ: Fatty amine oxides 

AES: Alcohol ether sulphates 
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AS: Alcohol sulphates 

AE: Alcohol ethoxylates 

Figure 1.3 A breakdown of US household detergent consumption. 

Heavy duty detergent: 53% 

Light duty liquids: 10% 

Soaps: 9% 

1993 U.S. Consumption: 2.4 billion kg 
Source: C&EN: [Ainsworth 1995] 

Scourers: 3% 

Specialty cleaners: 3% 

Auto. dish. det: 6% 

Hard surface cleaner. 8% 

Laundry aids: 8% 

5 

An important topic in the detergent business is the ongoing and often emotional 

debate surrounding petrochemical versus oleochemical raw material feedstocks. 

Manufacturers of products based on oleochemicals have argued that their products 

are more environmentally friendly than products derived from petrochemical 

feedstocks. They claim this is because their products are more linear in 

hydrocarbon structure and they are based on renewable fats and oils. The often 

emotive use of the word "natural" has been associated with oleochemical based 

detergents and soaps in advertisements to consumers. However, improvements in 

the analysis and tracing of detergents, and their decomposition products or the so 

called science of "life cycle analysis" is shedding more light on the environmentally 

friendliness of raw materials used in soaps and detergents [Ainsworth, 1995]. It 

may be argued that large scale farming for the production of oleochemicals, with the 
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associated use of fertilizers, possible soil erosion, as well as natural vegetation and 

habitat destruction is environmentally unfriendly. The natural based oleochemicals 

are subjected to chemical processing as are petrochemical based raw materials. 

The above considerations have probably resulted in a shift in the move towards 

favouring oleochemical feedstocks in 1992 and 1993, with an equilibrium being 

reached in 1994. The current split between oleochemical and petrochemical 

derived fatty alcohol capacity is approximately 50:50, but with a premium still being 

paid for linear products. 

From the above discussion it is obvious that trends in the surfactant market do 

warrant a look at an alternative route to production of biodegradable and 

predominantly linear alcohol derived surfactants. Fisher-Tropsch (F-T) products 

obtained from coal and natural gas are currently not utilized for this purpose. A 

detailed investigation for using predominantly linear F-T products as a feedstock, 

·and specifically a hydroformylation feedstock for this purpose, is hence of 

commercial interest. 

1.1.2 Conventional Olefin Feedstocks for Producing Linear Alcohols. 

The commercial processes used for the production of predominantly linear oxo 

olefin feedstocks are outlined below [Demianiw, 1981}. Higher olefins manufactured 

by oligomerizing propylene and/or butenes are highly branched which results in 

highly branched oxo alcohols. These are undesirable from an environmental point 

of view as they in turn give rise to products having poor biodegradability. 

1. Thermal and catalytic cracking of petroleum wax or n-paraffins: This results in a 

wide range of carbon numbers being produced. 

2. Oligomerization of ethylene: Companies such as Exxon, Ethyl, Gulf and Shell 

have oligomerization processes for manufacturing even numbered linear alpha 
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olefins in the C6_20 range. These technologies are primarily based on the use of 

Ziegler-Natta type catalyst systems. The exception is Shell, which use a process 

based on non-Ziegler chemistry [Freitas· and Gum, 1979]. 

3. Chlorination followed by dechlorination of n-paraffins: This process results in 

linear internal olefins . It was originally employed by Shell, but is not believed to be 

commercial at present. 

4. Catalytic dehydrogenation of n-paraffins: The Universal Oil Products company 

(UOP) markets technology for the production of detergent range linear internal 

olefins known as the PACOL-OLEX ®process. 

5. Shell Higher Olefins Process (SHOP). This involves using C4 and C16+ a-olefins 

from ethylene oligomerization, isomerizing them to internal olefins and subsequently 

disproportionating them to internal olefins of different chainlengths using the 

metathesis reaction. The desired detergent range olefins, typically in the range C11 _ 

14, are recovered by distillation. The light and heavy ends are recycled to extinction 

in the process. Aspects of ethylene polymerization and oligomerization and the 

SHOP have been patented and reported by Keim et al. [1971, 1972, 1984], Morris · 

et al. [1971 ], Glockner et al. [1971 ], Singleton et al. [1972] and Bauer et al. [1972] 

and reviewed by others [Spitzer, 1981 ][Nieuwenhuis, 1980]. 

1.1.3 Fischer Tropsch Products : An Alternative Hydroformylation Feedstock 

Since the cost of the olefin feedstock is probably the single most important factor 

in determining the cost of producing oxo alcohols, any improvement in this area 

would be advantageous. 

The price of gasoline and diesel fuel payed by consumers at filling stations in the 

Republic of South Africa currently (November 1995) is approximately R2.51 and 
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2.29 per kg whilst the price of detergent alcohols is about R4.38 per kg. Since a 

large portion of fuels in South Africa are obtained from hydrogenated olefinic 

Fischer-Tropsch product, an opportunity exists to add significant value to F-T 

products if they could be .used directly as a hydroformylation feedstock. 

The way in which F-T products can be incorporated into existing pathways to 

detergent and plasticizer alcohols is illustrated in Figure 1.4. Olefins which are 

conventionally used as hydroformylation feedstocks for predominantly linear higher 

alcohols, are obtained by processing of a primary product which involve additional 

step/s compared with using F-T products directly. 

An additional advantage when using F-T products directly has to do with sulphur. 

Sulphur containing compounds are poisons of expensive oxo catalysts (Macho, 

1961][ Tummes et al., 1976, 1981](Cornils and Forster, 1973](Falbe, 1970, 1980]. 

Sulphur compounds are absent in F-T products because F-T catalysts based on 

iron, or cobalt, are poisoned by S-compounds and are therefore removed from the 

F-T syngas. In the case of iron catalyzed F-T processes using syngas obtained by 

coal gasification, as practised by Sasol, this is achieved by scrubbing the syngas 

in a Rectisol process [Dry, 1981]. Any residual sulphur would be trapped by the F-T 

catalyst. Depending on the source of the primary syngas, F-T product streams may 

therefore represent primary products to be used directly in an oxo process. 

In the review of the literature, there have been references that olefins produced by 

F-T synthesis may be suitable as a hydroformylation feedstock [Falbe, 1977] 

[Hargis, 1981] [Schulze, 1977]. However, no work has been reported on the direct 

use of F-T products, and specifically not F-T products produced over an iron 

catalyst, as a hydroformylation feedstock. This forms the basis of this study, and 

is expan9ed upon to include the selection and investigation of a suitable catalytic 

process for the hydroformylation of these feeds. 
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Figure 1.4 Cascaded flow diagram of existing commercial process routes 
to higher alcohol~: F-T from coal (and natural gas) is 
superimposed. 
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As far back as 1977, Schulze [Schulze, 1977] considered the economic possibility 

for the production of chemical feedstocks from coal. He argued that the F-T 

synthesis may be advantageously employed for the production of detergent 

feedstocks. Specific emphasis was placed on the production of the component in 

the surfactant business then occupying the largest market share, namely alkyl 

benzenesulphonates . According to Schulze, in the early 1970's this surfactant 

constituted two thirds of the anion active detergent market, which in turn constituted 

two thirds of all surfactant production. These alkyl benzenesulphonates were 

originally manufactured from "kogasin" F-T products which was the term then used 

to describe the C10•18 F-T fraction. According to Schulze, these initial surfactants 

were biodegradable. However, closure of the German F-T plants resulted in their 

replacement with cheaper but less biodegradable branched dodecylbenzene 

produced via the tetramerization of propene. These highly branched surfactants, 

were subsequently phased out due to their environmentally unfriendly label. n

P araffins, obtained from molecular sieving of oil, were then used as an olefin 

feedstock for benzene alkylation to produce linear alkylbenzene sulphonates (LAS). 

Accorqing to Schulze, the production of other surfactants namely a-olefin 

sulphonates, paraffin sulphonates, and fatty alcohols could be possible from F-T 

products, although this was not as an attractive option as LAS, because of limiting 

market factors at the time, such as areas of application and unsatisfactory feedstock 

situations. 

Following Roelen's discovery of hydroformylation while he was researching the F-T 

reaction [Falbe, 1970], no follow up work on combining F-T and Oxo processes has 

been reported. This may largely be due to the fact that the use of F-T technology 

to produce hydrocarbon feedstocks as an alternative to oil waned in the 1950's 

following the discoveries of large oil deposits in the Middle East [Dry, 1981 ]. For 

many years Sasol in South Africa was the only company to operate large scale F-T 

plants based on iron catalysts. A license was sold to Mossgas to use Sasol · 

Synthol technology for beneficiating natural gas to higher hydrocarbons in the 
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early 1990's. More recently, Shell constructed a F-T plant in Malaysia for 

producing diesel fuel and waxes using a cobalt catalyst [Sie et al., 1991]. However, 

F-T catalysts based on cobalt give rise to hydrocarbons having a lower olefinicity 

compared to iron [Dry, 1981] [Jager and Espinoza, 1995]. For this reason, direct use 

of olefin streams obtained from Co F-T systems are probably less attractive 

hydroformylation feedstocks. Although cracked wax is often referred to as an olefin 

feedstock for hydroformylation [Slaugh and Mullineaux, 1966, 1969], this may be 

construed as an indirect method of using F-T products as a hydroformylation 

feedstock. Apart from a recent report [Dry, 1993], the use of Synthol F-T products 

as a hydroformylation feedstock, has not been investigated by others. 

Gregor [1990] stated that: "Unfortunately, there is no commercial process for 

separating a F-T product stream into distinct hydrocarbon and oxygenated 

components". However, UOP [Johnson and Raghuram, 1987] did propose a 

process whereby olefins may be beneficiated once oxygenates are removed using 

Olex® technology. The use of hydroformylation technology as a method of 

"beneficiating" these olefins is not mentioned. 

1.2 FISCHER-TROPSCH (F-T) SYNTHESIS: GENERAL INTRODUCTION 

Due to the industrial significance of the F-T process various reviews, on this topic 

exist [Storch et al. 1951 ][Anderson, 1953, 1956][Pichler, 1952][Dry, 

1981, 1996][Frohning et al., 1982]. It was nevertheless considered appropriate to 

give a brief overview of this topic. 

The Fischer-Tropsch Synthesis (abbreviated as F-T synthesis) is the general term 

describing the reaction of carbon monoxide and hydrogen or synthesis gas ( syngas) 

to form a range of hydrocarbons and water. These hydrocarbons are characterized 

by the fact that they typically range from methane to solid products at room 

temperature; they may be olefinic and/ or paraffinic and/ or oxygenated to a degree. 



12 Introduction 

The first CO hydrogenation reaction was reported in 1902 by Sabatier and 

Sendersons [1902] who produced methane.from CO and H2 over cobalt and nickel. 

BASF later used high pressures of syngas over a cobalt catalyst to produce liquid 

products in 1913 [BASF patent 1913]. 

It was not until the early 1920's when further work into the CO-hydrogenation was 

undertaken by two Germans, Franz Fischer and Hans Tropsch and interest in the 

subject was rekindled resulting in the F-T process. Fischer and Tropsch's [1923] 

initial work reported the production of hydrocarbons and oxygenated derivatives 

(then referred to as Synthol) using alkali treated iron shavings at around 400°C and 

>100 atm. Because of the high tendency toward oxygenate formation and rapid 

deactivation obse.rved with this catalyst, further work in order to find a more viable 

catalyst was pursued. Zinc oxide was added to Fischer and Tropsch's original 

catalyst [Fischer and Tropsch, 1926], and lower reaction pressures were found to 

favour lower oxygenated hydrocarbon selectivity, but short catalyst lifetimes were 

still a problem. This led to the use of more expensive cobalt type catalysts which 

consisted mainly of Co, Th02, MgO and Kieselghur [Dry, 1981] (with relative mass 

units in the order of 100:5:8:200 respectively). Industrialization of the process 

followed in 1936 and found large scale application during World War IL The 

discovery by Pichler in 1936 [Pichler, 1939] that the lifetime of iron F-T catalysts 

is largely improved by the use of higher pressures contrasted with Fischer and 

Tropsch's findings and was not followed up by German firms during World War II. 

It was not until after the war that iron catalysts were used in commercial F-T plants. 

Of the F-T plants in operation today, those owned and licensed by Sasol use iron

based catalysts. The Sasol High Temperature (HT) fluidized bed process for making 

synthetic fuels is known as the "Synthol Process". This should not be confused with 

the term "Synthol" first used by Fischer and Tropsch. Subsequently, the term 

"Synthol" has generally associated with, and accepted as describing, Sasors High 

Temperature commercial F-T process. In order to clear up any discrepancy, 

-----------------------------· ··-
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hereinafter (and in the Thesis Title) the Synthol term is used only in the context of 

the Sasol HTF-T process. 

1.2.1 Alpha olefins and Chemicals from F-T 

Since F-T products, depending on the reaction conditions, may contain a varie~y 

of oxygenates, aromatics, paraffins (including paraffinic wax) and olefins, this 

technology is an alternative to oil based processes for producing chemicals and 

chemical feedstocks. A recent article by Ross [1995] indicates current perceptions 

in this regard. Selected portions of the article are rewritten in the following 

paragraph. 

"Ever since the pioneering work of Fischer, Tropsch and Pichler on the indirect 

liquefication of coal, there has been a perception that a synfuels industry will 

compete with petroleum. This competition appears to be materializing, however not 

as muc.h in the area of petroleum, but rather in the production of chemicals. 

Examples of this are that Sasol has become a major supplier of waxes by modifying 

some of their existing facilities in order to maximize wax production and quality. In 

the past this product was obtained from petroleum. In addition, Sasol has begun to 

supply polymerization grade 1-hexene and 1-pentene a-olefins to world markets. 

A major factor contributing to this has been the development of suitable separation 

technology to obtain the needed purity for these a-olefins. Although initial reports 

of these developments were met with scepticism by producers of similar products 

using ethylene based technology, it now appears that these "new" products appear 

to be displacing ones derived from petroleum based products. It is reported that 

the trend of beneficiating olefins from synfuels has extended to the olefins higher 

than C6 . This, however, will have to utilize sophisticated technology to separate 

internal and branched olefins from the linear a-olefins." 

Mention is made that for the production of a-olefins, iron based catalysts appear 

to be favoured over cobalt and ruthenium containing catalysts which give rise to 
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lower olefin content products. Ross goes on to say that "it appears that 65% or more 

of the products in the Cs..12 carbon number range are olefins, and the dominant 

fraction of these are a-olefins". 

The use of iron and iron based F-T catalysts for manufacturing synfuels giving rise 

to high· yields of a-olefins in the F-T process has been reported [Hargis, 

1981 ][Soled, et al., 1992][Fiato et al., 1986, 1987]. Although there may be 

significant differences in the method of catalyst preparation and final composition 

of some of these catalysts, the general observation is that the olefin distribution 

and composition and yields reported do not constitute an improvement upon those 

obtained using the Sasol Synthol catalyst. Hargis [1981] of the Ethyl Corporation 

patented an iron titanate-alkali metal hydroxide F-T "catalyst for olefin production", 

in which it is stated that the olefins thus produced, and specifically those in the C6 

to C12 range "may be particularly useful in the synthetic chemical industry finding 

uses, for example as intermediates for alcohol synthesis and as detergents in lube 

oil and fuel compositions". No mention as to direct hydroformylation of the products 

is made by the author. 

The work undertaken by Roelen [1938, 1943] may be construed as having been 

performed on a F-T feedstock, but this material would have been prepared over a 

cobalt based F-T catalyst. A literature survey undertaken for this study revealed 

that with the exception of a report by Dry [1993], no work has been undertaken on 

the direct hydroformylation of - F-T products; and specifically on an iron based 

catalyst such as that used in the Sasol Synthol Process. 

1.2.2 The Sasol Synthol Process 

The Sasol Synthol process has been reviewed in some detail by Dry [Dry, 1981]. 

This description contains aspects of Dry's review as well as Schulz's description of 

the "Entrained Bed Synthesis" [Schulz, 1982] which is in essence also a description 
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of the Sasol Synthol process. 

A basic flow diagram of the Sasol F-T plant layout and description thereof may be 

useful in illustrating how the Synthol process is incorporated into the Sasol 2 and 

3 plants - this is shown in Figure 1.5. 

Raw syngas derived from coal gasification is cooled to remove water and heavier 

tar oils. These streams are processed further to yield valuable materials as 

indicated. Further cooling of the syngas removes the light naphtha. The raw syngas 

is then scrubbed with cold methanol (Lurgi Rectisol Process) which removes the 

sulphur compounds as well as the bulk of the C02 . The purified syngas passes to 

a F-T process comprising Synthol reactors. The reactor products are cooled in the 

second separation stage to remove, by condensation, the oil, water and water 

soluble products from the reactor outlet gases. Light hydrocarbons (C1 to C6), 

methane, H2 and C02 are separated in the gas separation stage. The methane may 

be reformed into synthesis gas and recycled to the Synthol process. Various 

oxygenates as indicated are recovered from the aqueous stream. The oil stream 

can be worked up to separate selected a-olefins as well as petroleum and diesel 

fuel. 

1.2.3 Synthol Reactors 

The Synthol Process utilizes Circulating Fluidized Bed (CFB) reactor technology. 

More recently, the CFB reactor technology has been improved upon at Sasol with 

the development of the Sasol Advanced Synthol (SAS) process [Jager et al., 1990, 

1991]. The MW Kellogg Company developed the first CFB reactors [McGrath, 

1951]. Several modifications and process improvements led to commissioning of 

3 scaled up versions(± 46m high) of the Kellogg CFB reactors at Sasol 1, and the 

development of the Sasol Synthol process. Further scale up of the reactors (with an 

approximate three-fold increase in capacity of the original CBF's at Sasol 1) and 
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additional improvements to them superseded the commissioning of the Sasol 2 

and Sasol 3 plants at Secunda, with each plant having 8 CFB reactors. A simplified 

schematic of a CFB reactor is shown in Figure 1.6. 

Figure 1.5 

Ketones 

Flow-scheme illustrating a Sasol plant incorporating 
the Synthol Process 

Rawsyngas 
(from coal gasification) 

H2o ,_.,,,i:,....ar----Gasoline 

.._---i:s1eparation ~-~and oil Diesel 
L,.-..----' wor1c-up __... BlX 

NHs 
Phenols 

1--.. ~C1reosote 
'---..--...I 

CO 2----r:--:-:--...__--, Naphtha 
------1Sulphur removal 1----.....1 

Scompounds 

S~l'Ar 

Fischer-Tropsch 

(Synthol) ~ Process r Alooh~s . 

Acids \CH 4 t Hp Gas H2 
Oxygenate wor1c-up .. Separation 

ail 
C02 C2 Cs+ 

ii work-up 

! 
Gasoline 

Diesel 

The fresh syngas and recycle gases are fed in at the bottom and come into contact 

with the finely divided catalyst. The catalyst becomes fluidized and moves up into 

the reaction zone. Between 30% and 40% of the heat of reaction is removed by 

heat exchangers in the reaction zone, the balance is absorbed by the product and 
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recycle gases. Subsequent separation of the fine catalyst and gas occurs in 

cyclones designed for this purpose. The solid catalyst particles settle in a catalyst 

hopper before moving down a standpipe from which they are returned to the 

reaction zone. A slide valve regulates the amount of catalyst being re-introduced. 

Because the catalyst used is relatively cheap (iron based), it is normally replaced 

after about 1000 hours of use as a result of a decrease in the syngas conversion. 

Typical ranges of operating condition in the Synthol reactors are as follows: 

Temperature: Between 300 and 340°C. 

Inlet syngas pressure: Between 22 and 30 bar (g). 

H2:CO ratio in the fresh feed: Between 1.8 and 2.2. 

Figure 1.6 Schematic of a Sasol Circulating Fluidized Bed (CFB) reactor. 
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1.2.4 Synthol Catalyst 

Exact details of the Synthol catalyst composition, and preparation are of a 

proprietary nature and therefore cannot be fully disclosed. However, the catalyst 

may be described in general terms as is the case in Dry's review [1981]. 

The catalyst of choice is based on fused iron prepared from iron oxide/s, preferably 

magnetite. The iron oxidl~ is fused togeth~r in an electric arc furnace, with the 

desired amount of structural and chemical oxide promoters, into ingots. These 

ingots are crushed to give a desired particle size distribution which is suitable for 

fluidization and operability of the Synthol reactor catalyst-gas separation system. 

The crushed material is reduced in fluidized bed reduction units before being 

introduced into the Synthol reactors. Typical chemical promoters include oxides of 

potassium and sodium. These have a high "basicity" which result in the catalyst 

surface having a higher electron density which has important consequences on the 

surface intermediates and therefore product distribution. Structural promoters such 

as alumina increase the active iron surface area by incorporation into the solid-state 

structure and by inhibition of iron crystal growth. Various promoters fulfill both roles, 

for example Al20 3 has acidic characteristics and can offset some of the effect of the 

alkali, whilst Na20 can go into solid solution with Fe-oxides. The ratio as well as 

content of the various promoters is therefore crucial. 

1.2.5 Synthol Products 

A typical GC trace of HTF-T reactor product is shown in Figure 1.7. 
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Figure 1.7 Gas chromatogram of HTF-T products. 
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The predominant Fischer-Tropsch products from Synthol reactors are olefins. The 

higher olefins are predominantly linear and mono-methyl alpha olefins, with lesser 

quantities of linear and mono-methyl branched internal olefins. The balance of the_ 

F-T products consist of a range of aromatics and cyclic compounds, paraffins and 

oxygenates such as ketones, aldehydes, alcohols and carboxylic acids. The 

aldehydes and alcohols are predominantly primary and linear. The ketones are 

predominantly methyl ketones. These "non-olefinic" compounds are more evident 

in the region of "higher'' carbon numbers. The increased complexity of the products 

for higher Cnumber or hydrocarbon chainlength fractions is demonstrated by Figure 

1.8, which is a magnification of the diesel fraction. 
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Figure 1.8 Gas chromatogram of diesel containing fraction of HTF-T 
products. 
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Table 1.1 Product Selectivities of Synthol Commercial Reactors (Dry, 1981] 

Product Product composition I % carbon atom 

Synthol at 325°C 

CH4 10 

C2H4 4 

C2Hs 4 

C3Hs 12 

C3Ha 2 

C4Ha 9 

C4H10 2 

C5 to C11 (gasoline) 40 

C12 to C18 (diesel) 7 

C19+ 4 

Water soluble non-acid chemicals 5 

Water soluble acid 1 
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Table 1.2 Synthof products: Breakdown of gasoline and diesel Synthol fractions 

by functional group [Dry, 1981, 1993]. 

Approx. wt in product cut % 

Functional group Gasoline: (C5 -C11) Diesel: (C12-C18) 

Ole fins 65 60 

Paraffins 14 17 

Aromatics 7 16 

Alcohols 6 4 

Ketones 6 2 

Carboxylic acids 2 1 

Examples of product selectivities of Sasol commercial reactors, as well as selected 

properties of the liquid and solid products have been reported [Dry, 1981 ], [Schulz, 

1982]. These are listed in Tables 1.1 to 1.3. The gasoline and diesel fractions are 

particularly relevant as they represent the portion of the F-T product spectrum from 

whence hydroformylation feeds are derived in this study. The majority of olefinic 

and paraffinic and oxygenated products in both fractions are linear or are based on 

a linear hydrocarbon "backbone". Of the olefins, most of the branched olefins are 

mono-methyl branched a-olefins [Schulz, 1982], the balance are linear a-olefins 

with a smaller amounts of linear internals. 

Pichler et al. [1968] analysed the C4 to C17 F-T products obtained with cobalt and 

iron catalysts. The iron catalyst products were obtained from fixed and fluidized bed 

reactors at Sasol. The methodology employed by Pichler et al. was to hydrogenate 

the F-T products, thereby simplifying the GC spectra. Comparisons of F-T product 

spectra before and after hydrogenation facilitated quantification and identification 

of F-T components. More specifically, an improvement in differentiating between 

olefins and paraffins was facilitated. Dry [1981] summarized Pichler et a/.'s findings 

in his F-T review, as shown in Table 1.3. In Table 1.3 the balance of the 
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components in each carbon number fraction comprises a mixture of oxygenates and 

aromatics. From the olefin distribution in each of the carbon numbers in Table 1.3, 

it is evident that the olefins from the fixed bed iron catalyst could be the most 

suitable for use as a hydroformylation feedstock if linear products are the main 

objective. However, hydroformylation yield maximization is also important. The fixed 

bed iron reactor is geared to wax production and therefore makes less olefins in the 

detergent range. 

Table 1.3 Summary of F-T product components for various carbon numbers 
(weight%) using various F-T processes. [Pichler et al., 1968][Dry, 
1981 ]. 

Carbon Compound type Process 
number 

Cobalt catalyst: 
Iron catalyst Iron Catalyst 

190°, 1 bar 
Fixed bed Synthol 

220°c, 27 bar 320°C, 22 bar 

6 n- paraffin 56 45 18 
n- a-olefin 4 25 42 
n- internal olefin 21 26 19 
br. paraffins 13 2.4 6 
br. olefins 6.1 1.5 14 
aromatics < 0.01 0.2 

Total oletins (%) 31.1 52.5 75 

Olefin linearity (%) 80 97 81 

8 n- paraffin 54 41 11 
n- a-olefin 3 35 33 
n- internal olefin 4 19 11 
br. paraffins 16 1.5 7 
br. olefins 11 3 21 
aromatics 0.17 5.2 
Balance 12 0.33 

Total olefins (%) 18 57 65 

Olefin linearity (%) 39 95 68 

10 n- paraffin 51 42 10 
n- a-olefin 3 37 26 
n- internal olefin 3 15 9 
br. paraffins 25 2 10 
br. olefins 1 3 22 
Balance 17 1 23 

Total olefins (%) 7 55 57 

Olefin linearity(%) 86 95 61 
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1.2.6 F-T Mechanisms: To Explain Product Distribution. 

Product distributions in the F-T synthesis can be quantified using the Anderson

Schulz-Flory (ASF) polymerization model. The ASF distribution is a combination of 

Schulz's equation for radical polymerization of vinyl monomers [Schulz, 1975], and 

Flory's linear condensation polymerization expression [Flory, 1936]. The resulting 

equation is widely used in F-T catalysis for predicting hydrocarbon distributions. 

Various F-T hydrocarbon product distribution models have been proposed, based 

in turn on different reaction mechanisms. However, due to the diversity of products 

encountered, few of these models satisfactorily explain all aspects of the observed 

product spectra [Dry, 1981]. 

Although the possibility exists that they are closely related mechanistically [Dry, 

1981 ], the hydroformylation reaction chemistry and F-T synthesis have been treated 

as separate topics. It may therefore be of interest to briefly review aspects of the 

F-T mechanism. 

The mechanism of the F-T reaction is still a topic of debate, and various 

mechanisms have been proposed. To generalize, most are based on either one, 

or a combination of, the carbide, hydroxycarbene and CO insertion mechanisms. 

The carbide mechanism. 

Fischer and Tropsch [1926] proposed a mechanism proceeding via hydrogenation 

of a metal carbide followed by polymerization of these metal methylene complexes 

to form hydrocarbons. Product formation is via beta-elimination or hydrogenation. 

This mechanism has been extensively reviewed by Muetterties and Stein [1979], 

Brady and Petit [1980, 1981 ], Herrmann [1982], Roder and Werner [1982] as well 

as Henrici-Olive and Olive [1984]. Although there is considerable evidence for this 

mechanism, it does not fully explain all the products observed during F-T synthesis, 

especially the oxygenated hydrocarbons, and aromatics. 
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Figure 1.9 Schematic of the carbide mechanism. 
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The hydroxycarbene mechanism. 

This involves CO adsorption onto the metal to form an M=C=O species which 

interacts with M-H units to form the M-CHOH (or hydroxycarbene) intermediate. C-C 

bond formation then takes place via a condensation reaction involving two M-CHOH 

and two M-H units to produce M=CCH30H and H20. F-T product formation is 

facilitated by dehydration, along with hydrogenation, resulting in the formation of a 

hydrocarbon. Alternatively, desorption of the products is facilitated by hydrogenation 

of the intermediate to form an alcohol. The mechanism was developed by Storch, 

Golumbic and Anderson [1951 ]. 

Figure 1.1 O Schematic of the hydroxycarbene mechanism 
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The CO insertion mechanism. 

This involves CO insertion into the M-H bond of a HM(CO)x unit derived from the 

interaction of syngas and the F-T catalyst metal. CO insertion is coupled to 

hydrogenation and resu~ts in a MCH3(CO)x.1 unit [Pichler and Schultz, 1970]. 

Another carbonyl then attaches to the metal site resulting in a M-CH3(CO)x species. 

Hydrocarbon chain propagation then proceeds via further CO insertion into the M-C 

bond, resulting in MCOR(CO)x.1 which can undergo a number of desorption 

reactions to form various oxygenates and hydrocarbons. A common variation of this 
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mechanism is the formyl mechanism whereby CO groups do not necessarily have 

to be on the same metal atom. This mechanism is closely linked to the 

hydroformylation mechanism. It has been extensively reviewed [Muetteries and 

Stein, 1979], [Rofer -De Poorter, 1970], [Henrici-Olive and Olive, 1984, 1985]. 

Figure 1.11 Schematic of the CO insertion mechanism. 
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The above three basic mechanisms all argue on the type of C1 species present, and 

no one can be discounted completely. Indeed, it is possible that a combination of 

these mechanisms (as well as others, including hydroformylation type reactions) all 

occur. Numerous other mechanisms, some of which combine more than one of the 

above general schemes have been proposed and reviewed in the past [Dry, 1981] 

[Schulz et al., 1990], with more recent evaluations and interpretations presented 

[van Berge, 1993][Dry, 1993][Maitlis et al., 1994]. Maitlis et al. [1994] used 

homogeneous model compounds decomposition products as a means of identifying 

F-T intermediates. van Serge's [1993] critical evaluation of Schulz's "Non-trivial

surface-polymerization Model" has led to more accurate prediction of the F-T 

product distribution/s. 

Mechanism describing HTF-T products. 

A method of describing the observed Synthol products has been proposed recently 

by Ory [1993] which makes use of three and four membered "cyclic ring" 

intermediates as postulated in Ziegler-Natta polymerization as well as olefin 

metathesis type reactions. The mechanism/s incorporate accepted principles of 

hydroformylation and carbonylation reactions, namely CO insertion (or alkyl 
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migration) resulting in chain growth from the metal centre and/or hydrogenation. The 

mechanisms represented in Figures 1.12 and 1.13 for olefin, paraffin and oxygenate 

formation were proposed. 

Although aromatics and cyclic compounds are present in Synthol products (see 

Table 1.2), the above mechanisms do not make allowance for these compounds. 

Aromatics are claimed to form as a result of secondary reactions as they are only 

observed at high temperatures [Dry, 1993]. It is however, not inconceivable that 

they may form from cyclic intermediates, albeit larger ones, as drawn in the 

mechanisms. Alternatively, or in addition to this, aromatics may form as a result of 

conjugated dienes undergoing a cycloaddition or Diels-A!der reaction to form 

cyclohexenes and related compounds which take place under conditions of heat 

and pressure [Streitweiser and Heathcock, 1981]. 

Figure 1.12 Mechanism for olefin and paraffin formation [Dry, 1993] 
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In HTF-T products, the ketones observed are mainly methyl ketones, and 

oxygenates are predominantly linear. This is consistent with the scheme in Figure 

1.13. 

Figure 1.13 Mechanism for oxygenate formation [Dry, 1993] 
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1.2. 7 Higher Alcohols Directly from F-T 

This topic is different to the synthesis of higher alcohols by hydroformylation of F-T 

products. F-T variants for higher alcohol synthesis include the manufacture of 

primary monohydric alcohols [Cornils and Rettig, 1982] via Fischer and Tropsch's 

"old Synthol" as well as the Synol [Wenzel, 1948] and Oxyl [Heckel et al., 

1943][Rottig, 1943] syntheses. The Oxyl and Synol syntheses manipulate F-T 

reaction conditions so that a large share of the synthesis product comprises primary 

aliphatic alcohols. 
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The Synol synthesis first carried out by Wenzel employs iron catalysts in fixed bed 

reactors (preferably two stage, with interstage cooling) under selected reaction 

conditions of between 180-200°C and 18-25 bar of 1:1 H2:CO synthesis gas at a 

space velocity 100-200 hr1 
. 

Table 1.4 Typical composition of Liquid Products from the Synol Synthesis 

[Cornils and Rettig, 1982] * 

Boiling point at normal pressure. Content Primary aliphatic alcohols 

(°C) (wt.%) (wt.%) 

0-100 27 35 

100-140 16 45 

140-180 12 48 

180-220 9 50 

220-260 7 55 

260-300 6 55 

300-350 5 45 

350-385 4 35 

385-420 2.5 15 

>420 11.5 7 
•Synthesis conditions: 187°C; 20 bar. 

The Oxyl synthesis is similar in many respects to the Synol synthesis. Precipitated 

iron catalysts, originally with cerium and vanadium promoters/activators [Heckel et 

al., 1943], and later with copper and alkali [Rettig, 1943] were shown to give high 

yields of oxygen rich products under F-T conditions similar to those employed in the 

Synol synthesis. The notable difference in conditions pertains to the preferred use 

of syngas with a H2:CO ratio of 1 :1.2 to 1 :2 

I 
I 
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Table 1.5 Typical composition of Products from the Oxyl Synthesis [Falbe, 

1977]. 

Oxygenates Content 

{wt.%) 

" 
Alcohols ~c18 55.3 

Alcohols>C 18 0.5 

Aldehydes + Ketones . 2.0 

Esters < 320°C 2.0 

Esters > 320°C 1.2 

Free carboxylic acids 1.0 

Hydrocarbons 38 

The Synol and Oxyl syntheses yield significant quantities of higher alcohols which 

still need to be beneficiated. This appears to be a potential drawback of these 

processes for producing higher alcohols. The recognized way of achieving this 

alcohol beneficiation is by their esterification with boric acid to form the 

corresponding triesters. These are high-boilers which can then be separated from 

the balance of the material using distillation techniques. Saponification techniques 

may be used to recover the alcohols from the triesters. Depending on the 

economics of reactor efficiency and beneficiation as well as the linearities and 

other characteristics of the alcohol products, the Synol and Oxyl processes may be 

considered as alternative routes for the manufacture of detergent (and plasticizer) 

alcohols. Their commercial application for this purpose has, however, not 

materialized. Although it has more in common with the methanol synthesis than 

with the F-T reaction, the isobutyl oil synthesis [Winnacker and Weingartner, 

1952][Winnacker and Kuchler, 1959] was the only commercially operated process 

for the production of ·"higher" aliphatic alcohols directly from syngas. 
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1.3 HYDROFORMYLATION OR oxo SYNTHESIS: GENERAL 

INTRODUCTION 

Hydroformylation is the general term applied to the reaction of an olefin with carbon 

monoxide and hydrogen to form an aldehyde [Pruett, 1979]. This term was first 

proposed by Adkins and Krsek [1949) as an alternative and probably mQre 

technically descriptive term to the one more commonly used in industry, namely 

the "Oxo Synthesis" [Pruett, 1979). The reaction has also been referred to -by some 

(especially those having links with Ruhrchemie) as the "Roelen Reaction" named 

after the first person to identify this synthesis. 

Due to its industrial importance, hydroformylation has been the topic of several 

reviews [Falbe, 1970, 1980][Cornils, 1980][0rchin and Rupilius, 1972][Paulik, 1972), 

[Pino et al., 1977][Pruett, 1979][Rylander, 1973][Davidson et al., 1977][Bel ler et al., 

1995). A brief review of hydroformylation is however appropriate in this, the 

introductory chapter. Additional hydroformylation detail from the literature is 

interwoven into the text of subsequent chapters describing results. 

It is noteworthy and to a degree expected that the CO-hydrogenation and 

hydroformylation reactions were discovered by scientists working in similar fields 

and on similar catalysts. Indeed, the production of oxygenated products first 

observed by Fischer and Tropsch at high syngas pressures were possibly the result 

of CO insertions I migration into olefinic hydrocarbon intermediates. 

The hydroformylation reaction was discovered by Otto Roelen in 1938 [Roelen, 

1938, 1943]. Although the commercial hydroformylation catalysts used today are 

almost exclusively based on homogeneous organometallic complexes, and 

specifically carbonyl derivatives of the Group VIII metals [Kirshenbaum and lnchalik, 

1981 ], the first reported hydroformylation catalyst was a solid [Pruett, 1979). This 

is because Roelen discovered hydroformylation whilst he was undertaking 

experiments on the effect of recycling olefins, specifically ethylene [Cornils et al., 
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1994] to the Fischer-Tropsch reaction [Falbe, 1970]. As he was using a 

contemporary heterogenous cobalt Fischer-Tropsch catalyst consisting of 66% 

silica, 30% cobalt, 2% thorium oxide and 2% magnesium oxide [Roelen, 

1948][Pruett, 1979], Roelen's work indicated that the Oxo and Fischer-Tropsch 

syntheses -may be combined. Although he did not actually undertake 

hydroformylation on a pure F-T feed, his work is the only reference obtained 

wherein actual hydroformylation of a "F-T feed" is reported. In Pruett's review 

[1979], Wender et al. [1950] are credited with proving the homogenous nature of the 

hydroformylation catalyst and it is claimed that Roelen probably did not realize at 

the time that his active catalyst was a homogenous derivative of the F-T catalyst. 

However, in Falbe's review [Falbe, 1970], Roelen is credited as being the first to 

assume that hydrocarbonyls are the active catalysts in hydroformylation but Falbe 

goes on to say that this was only clarified much later from 1946-1948 [Roelen, 

1948][Hecht and Kroper, 1948][Kr6per, 1955][Adkins and Krsek, 1948]. It does 

however appear that the subject of the homogenous nature of the first 

hydroformylation catalysts was a somewhat controversial topic at the· time. 

It is however generally accepted that hydroformylation catalysts are metal 

hydrocarbonyls or derivatives thereof. The general structure is of the form 

where L represents an optional modification with a ligand [Beller et al., 1995]. 

Iron carbonyl (and cobalt carbonyl) formation occurs at high syngas pressures 

[Anderson, 1956]. It may theferore be speculated that the rapid deactivation of the 

first F-T catalyst may have been due to iron carbonyl formation, which also 

catalyzed the first "homogenous" hydroformylation reaction in the gas phase. This 

can explain the high levels of oxygenated products observed by Fischer and 

Tropsch. Alternatively, isosynthesis, which occurs at high temperatures and 

pressures of syngas over oxide catalysts (oxidation of the Fe in a F-T catalyst 
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also results in deactivation) may have taken place. Either way, the mechanisms of 

the isosynthesis, F-T and hydroformylation reactions are all expected to be similar. 

1.3.1 Hydroformylation Mechanisms 

Once the homogenous nature of the hydrocarbonyl complex had been ascertained, 

detailed studies of the hydroformylation reaction mechanism followed [Falbe, 1970]. 

Although the basic steps of the mechanism are generally accepted, the 

hydroformylation mechanism is still a topic of debate [Beller et al., 1995]. Recent 

presentations by Marko et.al [1994] and Tannenbaum [1994) are confirmation of 

this. Pioneers as regards elucidation of a mechanism were Wender et al. [1953], 

Orchin et al. [1956, 1958, 1959, 1960], Pino et al. [1963, 1968) Marko et al. [1963] 

as well as Heck and Breslow [1960-1966]. These workers were the first to carry out 

experiments to arrive at a reaction sequence for producing aldehydes involving a 

number of organometallic intermediates. The mechanism by Heck and Breslow is 

generally accepted as a tool to describe the sequence of reactions in 

hydroformylation and is illustrated by means of a cyclic diagram in Figure 1.14 

wherein the linear aldehyde is produced via co-ordination of the a carbon atom of 

the olefin. 

Figure 1.14 incorporates the Heck-Breslow mechanism as well as the theories of 

Pino and Piancenti and is redrawn by Cornils [1980) in Falbe's review [Falbe, 1980]. 

Co-ordination via the 13 carbon also occurs to produce 2-methyl branched 

aldehydes. This is illustrated in Figure 1.15. The same basic set of steps occur if 

internal olefin reactants are used, but the intermediates and products would be 

more highly branched. 



Chapter 1 33 

Figure 1.14 The multistep hydroformylation reaction pathways using an 

unmodified Co catalyst. 
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Note: A ligand can replace one of the carbonyl groups in the mono-cobalt catalyst complexes; for the 

di-cobalt complexes, two ligands may be present (ie. 1 ligand per Co atom). 

As described previously in Section 1.1.2, linear alcohols are desirable. The 

hydroformylation catalyst system should therefore be operated so as to maximize 

"pathway 1" in Figure 1.15. 
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Figure 1.15 Hydroformylation reaction steps to linear and 2-methyl products. 
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1.3.2 Side Reactions Occurring During Hydroformylation 

Apart from the obvious requirement of a suitable olefin content, distribution and 

linearity in an olefinic feedstock for hydroformylation; an additional and important 

factor in ascertaining the suitability of an olefinic feed is the possibility of unwanted 

side reactions during hydroformylation. These side reactions are undesirable since 

they represent a loss of the valuable olefin starting material. They also incur 

additional costs in purification of the products in the downstream workup. The odd 

exception occurs when the system is tailored to yield a specific product. For 

example, the production of 2 ethylhexanal from aldol condensation products of 

butryaldehyde produced by hydroformylation of propylene as shown in Figure 1.4. 
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Figure 1.14 does not include the possibility of various side reactions that can occur 

during hydroformylation. These include: Olefin isomerization; olefin hydrogenation; 

aldehyde hydrogenation; and reactions to form heavier oxygenates. 

Of the side reactions, those producing higher boiling materials such as aldols, 

esters, ethers, ketones and acetals are particularly undesirable. These high boilers 

have been collectively termed the Heavy Oxo Fraction (HOF} [van Vliet, 1987]. 

The HOF should be kept to a minimum, and especially so in a system in which the 

catalyst is recycled via the residue leg of a distillation unit. The HOF buildup in 

such a process is regulated by purging the recycle stream, which results in losses 

of the homogeneous catalyst. 

Numerous reports on the side reactions, mechanisms and products of reactions 

giving rise to species comprising the HOF have been reported and these have been 

reviewed by Cornils and Falbe [Falbe, 1970, 1980]. 

The non-olefinic components in HTF-T products, and specifically the oxygenate 

and aromatic containing component groups, would be expected to have an effect 

on the systems to be tested. Paraffins would be inert in the hydroformylation 

reaction. Apart from being possible poisons, the effects of additional oxygenates 

(and possibly aromatics) could lead to undesirable secondary reactions, thereby 

causing unwanted by-product formation. If one considers the layout of existing 

hydroformylation plants, it is clear that apart from distillation procedures in the 

work-up, chemical treatment of the product is also necessary, regardless of the 

olefin feed purity. 

Possible reactions in parallel or in series accompanying the desired reactions of 

"olefin + CO + H2 - aldehyde (for Rh/P catalysts} + H2 - alcohol (for Co/P 

catalysts)" are shown schematically in Figure 1.16 [Cornils, 1980] with the possible 

effect of oxygenates in a F-T feed superimposed. 
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Figure 1.16 Possible reactions occurring in series or parallel during 

hydroformylation (using a F-T feed) . 
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Key and explanation of Figure 1 .16: 

Letters refer to components; 

A= SLO oxygenates, B = olefins, C = H2, D = CO; E = aldehydes; F = alcohols; G = hydrocarbons; 

H = formic acid esters; J = aldols; K = ketones; I = heavy ends (acetals etc.). 

Bold broken lines indicate the possible complications or additional reactions attributed to the presence 

of SLO oxygenate (A) components. 

Bold solid lines indicate the desired reaction pathway ie., olefins (B) + H2 (C) + CO (D) to give an 

aldehyde (E) + H2 (C) to give an alcohol (F). 

+ 1. are the symbols indicating a combination. For example: SLO oxygenate (A) combining with 

CO (D) to give a formic acid ester (H). 

0 indicates more than one reaction possibility. For example: SLO oxygenates (A) may combine 

with aldehydes (E) or alcohols to form aldols (J) and/or heavy ends (I). Alternatively, SLO 

oxygenates (A) may combine with each other to form aldols or heavy ends. 
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1.3.3 Hydroformylation Catalysts: Striving for Linear Products 

A variety of transition metals catalyze the hydroformylation reaction, with the 

following generally accepted [Beller et al., 1995] order of activity: 

Rh >> Co >> Ir, Ru > Os > Pt > Pd > Fe > Ni. 

However only cobalt and rhodium complexes are used in commercial oxo plants 

[Kirshenbaum and lnchalik, 1981][Beller et al., 1995]. Few metals, apart from those 

based on Co and Rh warrant investigation as they are generally considered too 

inactive or expensive for use in hydroformylation catalysis. A comparative study by 

Alvila et al. [1992] of the homogeneous hydroformylation catalytic activity of various 

complexes of Group 8-9 metals, Fe, Co, Rh, Ru, and Ir, confirms this. However, 

although not applied commercially, a significant amount of work has been carried 

out with Ru complexes [Evans et al., 1965][Schultz and Bellstedt, 1973][Braca et al., 

1970][Sanchez-Delgado et al., 1976]. 

The use of "conventional" homogeneous Co hydrocarbonyl catalysts as illustrated 

in Figure 1.14 in industrial oxo facilities is still widespread. Although unmodified Rh 

hydrocarbonyl catalysts are very active for hydroformylation, they are generally not 

used commercially due to problems associated with their recovery as discussed 

below. 

A considerable amount of hydroformylation research has been directed at improving 

reaction selectivity to linear products. The use of organophosphines as ligands to 

replace one or more .CO molecules on the Rh or Co hydrocarbonyl complex 

significantly improves the product- linearity [Slaugh and Mullineaux, 1966, 

1968][Tucci, 1968][Pruett, 1969, 1970][Bryant, 1979] as well as the thermal stability 

of the catalyst complex. According to Beller et al. [1995], the most active research 

areas in hydroformylation over the last 15 years (1980 to 1995) are ligand 
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synthesis and their coordination chemistry. Beller et al., however state that there 

is a lack of consistency in the relationship between ligand structure and activity and 

that "very often the catalytic results of sometimes costly synthesized ligands are 

"" disappointing". 

Phosphine ligands are the most widely used and accepted ligands [Beller et al., 

1995] in hydroformylation. The other major class of ligands is based on nitrogen 

containing compounds such as amines, amides and isonitri !es [Beller et al., 1995]. 

These ligands give rise to less active hydroformylation catalysts due to their strong 

coordination to the metal centre [Beller et al., 1995]. Beller et al. [1995] claim that 

a significant breakthrough in the replacement of phosphines was recently achieved 

by Herrmann et al. [1995]. Rh-carbene complexes synthesized by Herrmann et al., 

are said to be surprisingly stable and catalyze the hydroformylation of 1-hexene. 

Beller et al., go on to state that "it remains to be seen what this new class of ligands 

will contribute to the hydroformylation reaction in particular and to catalysis in 

general". 

Replacement of one or more of the carbonyls in conventional HM(CO)x type 

complexes (where x = 3 or 4) with phosphines typically results in complexes of the 

form: 

HRh(CO)(P03)J for rhodium catalysts (where P03 represents a triphenylphosphine 

ligand= TPP) and; 

HCo(CO)JPR3 for cobalt catalysts (where PR3 represents a trialkylphosphine group) 

[Falbe, 1970]. 

The Rh atomic radius is larger than that of Co ( 134 x10·12m versus 125x10·12m, [Lof, 

1987]) which lessens the steric crowding of ligands surrounding the central atom 

[F albe, 1967][ Heil and Marko, 1969]. This can explain higher reaction rates 

observed with Rh as well as the larger amount of branched products observed when · 

using unmodified Rh compared with Co if the reactions are undertaken at the same 

conditions. 
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Trivalent phosphine ligands are better o (sigma) electron donors than CO, but 

poorer n (pi) electron acceptors .. In P-modified catalysts, this results in the 

remaining CO's being more strongly bonded to the central metal atom. This is due 

to the increased negative charge on the metal atom being transferred to the CO 

atom through n electron donation. The increased stability of the complex results in 

lower hydroformylation activity. The ligand basicity (or capability to "donate" 

electrons to the metal atom) therefore has important consequences for the catalyst 

activity. The selectivity is also affected, as some of this negative charge may be 

transferred to the hydrogen atom. This in turn results in the complex having a more 

hydridic character which may facilitate hydrogenation of the aldehyde and some of 

the olefins. 

The improved thermal stability of modified catalysts may enable the use of lower 

reaction pressures, as well as distillation as a method of recycling the 

homogeneous catalyst instead of more cumbersome chemical extraction 

techniques. 

The higher product linearities of alcohols used as surfactant precursors result in 

improved biodegradation of the products. Linear hydroformylation products are · 

more desirable than the corresponding branched products. Linearity is therefore 

associated with the terms "high value" and "environmentally friendly". However, 

there is a trade-off in terms of the process; the ligand modified complexes are less 

reactive and require higher reaction temperatures. Even then, the reaction rates 

are typically between a fifth and sixth of those obtained with the corresponding 

conventional catalysts [Falbe, 1970). An additional trade-off in modified Co systems 

is the loss of 1 O and 15% of the olefin to paraffin through hydrogenation compared 

with 2 to 3% in conventional hydroformylation processes [Falbe, 1970]. 

The most common catalysts used for the production of predominantly linear 

. products are generally based on phosphine and or phosphite ligand modified Rh, 
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Co and Ru homogeneous systems. Pioneers in this regard were Slaugh and 

Mullineaux [1966, 1969] whose work resulted in numerous patents on alkyl 

phosphine modified oxo catalysts being granted to Shell Oil Company. Modified Rh 

systems were first patented by Pruett and Smith [1970] of Union Carbide 

Corporation (UCC). The industrial significance of phosphines in order to improve 

reaction selectivities and catalyst stability, compared with the corresponding 

unmodified hydrocarbonyl catalysts, is evidenced by the fact that most, if not all, the 

initial literature in this regard appears in patents. Of these systems, it appears that 

triaryl phosphorous derivatives are favoured for use as ligands with Rh, and that 

alkyl phosphorous derivatives are favoured for use as ligands with Co. 

Specific examples commonly cited in the literature are triphenylphosphine (TPP) 

[Pruett and Smith, 1970] as well as tri and bisphenylphosphites patented by UCC 

[Billing et al., 1987, 1988, 1989], both of which are used with rhodium. 

Of the alkyl phosphines (used with cobalt), examples include various tri-alkyl 

phosphines [Slaugh and Mullineaux, 1966]. Of these, tri-n-butyl phosphine (TBP) 

is the most commonly referred to in the literature [Beller et al., 1995]. Other alkyl 

phosphines suitable for use with Co reported in the patent literature are those with 

a cyclic character [van Winkle et al., 1969, 1971] [Mason and van Winkle, 

1968, 1970]. Examples of these are a combination of the isomers: 9-phosphabicyclo 

[4,2,1] nonane and 9-phosphabicyclo [3,3,1] nonane, and derivatives thereof. Work 

undertaken by others using these particular ligands does not appear in the open 

scientific literature. A more detailed description of the various ligands used in this 

study is presented in Chapter 2. (See Figure 2.12 in Section 2.2.3.2). 

A comparison of the phosphine modified and conventional Co and Rh catalyst . 

systems, typical conditions under which they operate, and expected product 

characteristics is shown in Table 1.6. 
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Table 1.6 A comparison of commercial hydroformylation catalysts summarized 

by Cornils in Falbe's [1980] review. 

Variables Most common catalysts used in industrial hydroformylation 

Co- Co-PR3 Rh- Rh-PPh3 

hydro carbonyl modified hydrocarbonyl modified 

Structure HCo(C0)4 HCo(COhPR3 HRh(C0)4 HCo(CO)(P03h 

Temperature (°C) 110 -180 160-200 100 -140 80-130 

Preferred syngas 1 2 1 1-2 
composition: • 
(H2/CO ratio) 

Typical syngas 200- 300 20 -100 200 - 300 4 - 50 
pressure (bar) 

Common Ligands (L) CO,H CO, H, PR3 CO,H CO, H, P03 

UMetal (molar ratio) - 2/1 - > 50/1 

Metal/olefin (mass%) 0.1 - 1 0.5 -1 10-4 - 0.01 10"3 -0.1 

Reactor throughput 0.5 - 2.0 0.1 - 0.2 0.3 - 0.6 0.1 - 0.25 
(LHSV) hr'' 

Product linearity (%) 60- 80% z.80% ±50% 2. 90% 

Preferred feed Range of olefins Higher olefins ~Cs ~Cs 

% Alcohol selectivity ±10 ±75 ±10 ±0 

% Aldehyde ±80 ±5 ±80 ±96 
selectivity 

% Paraffin selectivity ±2 ±15 ±2 ±2 

% HOF selectivity • ±8 ±5 ±8 ±2 

Sensitivity towards Low Low High High 
poisons 

Notes "Conventional Can feed "Conventional Cannot feed 

oxo"; internal olefins oxo"; internal olefins 

unselective to and get linear unselective to and get linear 

linear products products linear products products 

• HOF denotes Heavy Oxo Fraction (from side reactions). 

On consideration of Table 1.6, it is evident that ligand modification results in 

numerous changes in hydroformylation performance. These changes include lower 

operating pressures, lower activity and higher product linearities. Lower reaction 
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pressures and lower activity has been associated with increased catalyst stability 

[F albe, 1970). This lower activity coupled to the increased steric crowding of the 

central atom may be cited as reasons for the increased selectivity to linear products 

when ligands are used. 

1.3.4 Separation and Recovery of Homogeneous Hydroformylation Catalysts 

Because of the homogeneous nature of the catalysts, their separation from products 

and recycle is an important part of an Oxo process. Carbonyls of the type 

HCo(CO)x and Co(C0)8 are very volatile and only weakly soluble in organic solvents 

[Falbe, 1970). These complexes are thus often taken out of solution with gas 

streams resulting in metallic deposits in parts of the plant downstream to the 

hydroformylation reactors. Catalyst residues that may be carried over to the raw 

hydroformylation reactor product cause condensation and oxidation reactions in the 

subsequent work-up (purification) of these products, and specifically during product 

distillations. This typically results in coloured products (unsaturated oxygenates) 

in the work-up. Quantitative recovery of the catalyst from an economic and process 

point of view is therefore important. To date, there are five general methods 

employed by industry. 

1. Distillation: 

Although a convenient method for catalyst separation on lab-scale, flash distillation 

is only used industrially to separate low boiling aldehy'des such as propionaldehyde 

and butryaldehyde from catalysts with a low volatility, such as P-modified ones. The 

Shell hydroformylation process which utilizes phosphine modified Co catalysts to 

hydroformylate linear internal olefins to produce predominantly linear detergent 

range alcohols, makes use of falling film evaporation as a means of recycling 

catalyst. 
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2. Thermal Decomposition: 

Carbonyls are decomposed by high temperature treatment at low pressures and the 

solid metallic decomposition product is recovered from the remaining organic 

material. 

3. Decomposition by Hydrogenation: 

This is similar to thermal decomposition, but here the carbonyls are decomposed 

by reduction with H2. 

4. Chemical Treatment of reaction products: 

Various options exist in this regard. The most common involves reacting the metal 

to form a water-soluble salt followed by precipitation and recovery. Extra care is 

necessary with Rh complexes as losses can be very costly. Special methods for this 

have been developed [Weber, 1968][Falbe et al., 1969]. 

A more recent approach is the Exxon hydroformylation process [Beller et al., 1995]. 

This entails treating the crude reactor product with dilute aqueous caustic to form 

water soluble NaCo(C0)4 under conditions of temperature and pressure. Addition 

of H2S04 in the presence of syngas results in HCo(C0)4 which is recovered from 

the aqueous phase with an olefin rich stream. 

5. Phase Separation 

"Heterogenizing" the catalyst on or inside a support is a way in which the catalyst 

can be "recovered" from the liquid or gaseous reaction media and products. 

Alternatively, modification of the ligand structure so as to make the ligand and 

catalyst complex water soluble for subsequent downstream organic-aqueous phase 

separation is also a method of recovering the catalyst. A more detailed review of 

these approaches is given subsequently in Section 1.3.5.3. 
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1.3.5 Selecting a Catalyst for Higher Olefin Hydroformylation 

Various factors need to be taken into account when selecting a catalyst system for 

hydroformylation of detergent range olefins. The choice may be divided into three 

categories: a) using cobalt-based homogenous technology, b) using rhodium-based 

homogeneous technology and c) using so called "heterogenous" catalyst 

technology which may incorporate aspects of b) and c). 

1.3.5.1 Cobalt-Based Homogeneous 

Industrial hydroformylation of higher olefins is still largely undertaken with the less 

selective and less active cobalt catalysts. The factors in Table 1.6 need to be 

weighed up against each other in selecting either a phosphine modified or 

conventional catalyst for a process. 

The following list of advantages that phosphine modified Co systems hold over 

conventional Co ones have been claimed by Slaugh and Mullineaux [1969]: 

1 . Higher catalyst stability enables the use of lower reaction pressures thereby 

saving on capital expenditure and operating costs. 

2. The higher stability enables the catalyst to be recycled directly to the reactor 

system after crude product separation, thereby eliminating the need for 

catalyst decomposition and redissolving steps and the associated losses, as 

well as a reduction in operating costs and some capital investment. 

3. Equilibrium isomerization (internal to a-olefins) occurs readily and the a

olefin hydroformylates to form an alcohol. The a-olefin reacts preferentially 

to the internal olefin and thus linear alcohols are formed in preference to 

branched alcohols. 

4. If the catalyst utilizes synthesis gas with a H2:CO ratio of 2: 1; it has a high 

hydrogenation activity so that the main products are alcohols and not 

aldehydes. This assures low make of heavy by-products and reduces 
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additional hydrogenation requirements. However, loss of some of the olefin 

by direct hydrogenation to the paraffin can occur. 

5. The catalyst gives a high ratio of linear to iso-alcohol products (>80% linear) 

thereby providing desirable detergent properties and rapid biodegradability. 

Given these advantages, it is noteworthy that Shell is the only company apparently 

operating oxo plants using this technology. Until recently (1993) Shell have held the 

patent rights for the relevant catalysts and technology. The possible reluctance of 

higher oxo alcohol producers to purchase the technology, or a reluctance on the 

part of Shell to sell it, may in part explain why it is not applied by the other 

producers. Economic considerations, such as markets, existing capacities and the 

cost of changing the technology may have played a role. 

1.3.5.2 Rhodium-Based Homogeneous 

There is no doubt that Rh-based hydroformylation catalysts are technically superior 

to Co-based ones. Although Rh-based catalysts are more active and selective to 

linear products than Co-based ones, the use of Rh has largely been limited to the 

hydroformylation of low boiling alkenes such as propene [Falbe, 1980]. The reason 

for this is the fact that catalyst losses occur during the catalyst-product separation 

procedures. These typically involve extraction and in phosphine modified systems, 

distillation. The use of higher olefin feeds necessitates that these recovery 

procedures be more severe. In distillation, this can lead to catalyst complex 

degradation and loss of the metal. On average, the cost of Rh has been in the 

order of 1000 times higher than Co over the last 10 years. Rh and Co price trends 

are shown in Figure 1.17. The relatively high price of Rh makes even very small 

losses unacceptable. It has been reported that a loss of > 0.1 ppm of Rh in the 

reaction products cannot be tolerated [Kuntz, 1987]. This may, however, vary 

depending on Rh price fluctuations. Development of Rh catalyst for higher olefin 

hydroformylation has therefore been linked to attempts to "heterogenize" the 
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catalyst complex in order to overcome problems associated with recycle and 

recovery (see Section 1.3.5.3 ). 

Development of Rh hydroformylation technology has also gone hand in hand with 

ways of producing cleaner feeds [Kosswig, 1994]. This is because poisons 

represent an area whereby catalyst losses in a process can occur. The price of Rh 

versus Co is therefore not the only consideration in selecting a catalyst system. 

Various factors that increase the cost of a process such as additional feed 

purification, and measures to ensure the absence of any poisons, must be taken 

into account. 

Figure 1.17 Co and Rh world traded metal prices . 
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A possible exception to the use of Rh-based technology for hydroformylation of 

higher olefins was reported by Onoda [1983] in which recycling TPP=O (tri

phenylphosphine oxide) with Rhff PP recovered by distillation results in an 

I 
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"increase in activity of the system" for hydroformylation of 1-octene. 

1.3.5.3 "Heterogeneous" 

In addition to the conventional and ligand modified hydrocarbonyl Co and Rh 

catalysts, numerous derivatives or modifications to the catalysts mentioned above 

have been reported. Most of these relate to the so-called heterogenous 

hydroformylation catalysts. Investigating the possibility of "heterogenizing" 

homogenous · hydroformylation catalysts has been an area of continuing 

investigation since the homogenous nature of hydroformylation catalysis was 

ascertained. This area of hydroformylation catalysis is the most widely researched 

as evidenced by the number of journal articles [Beller et al., 1995] that appear 

regularly on the topic. The aim of the work involves variation of the reaction phase 

by "separating" or ''fixing" the catalytically active centres and by so doing combine 

the benefits of homogeneous and heterogenous catalysis. This has led to various, 

supported, water soluble, two-phase and bimetallic systems being investigated. The 

"ship in the bottle" concept wherein the homogeneous catalyst is encapsulated in 

zeolite structures [Holderich, 1993] can represent a significant area of academic 

research. This may be facilitated by the continual improvement in computer 

technology and related molecular modelling and design packages. The use of 

membrane technology [Grosser et al., 1977][Bahrmann et al., 1989][ Healy et al., 

1993] as a way of separating homogeneous catalysts and by so doing overcoming 

the problems associated with catalyst recycle and the concomitant losses of catalyst 

may also be a field that will enjoy more attention in the future. 

Because of the superior nature of Rh-based catalysts over Co-based ones, most of 

the work in this field has concentrated on "heterogenizing" Rh hydroformylation 

catalysts. Two general approaches have been followed in order to achieve this 

[Buhling et al., 1995]. The first involves anchoring the homogeneous catalyst to or 

inside a solid support such as silica/zeolites, polymers and resins. No industrial 
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success in this area has however been reported. This is probably due to difficulties 

associated with leaching, stability, and complicated synthesis [Buhling et al., 1995]. 

The other approach involves maintaining the catalyst in an aqueous phase by 

derivatizing the ligands so as to make the catalyst complex water-soluble. This 

facilitates catalyst separation and recovery from the organic reagents and products 

by means of phase separation. The first ligands used for this purpose were 

triphenylphosphines (TPP's) containing sulphonate groups for use with Rh [Kuntz, 

1981, 1987]. Functional groups, other than sulphonates, reported as being suitable 

for this purpose include ammonium [Nagel and Kinzel, 1986], phosphonium 

(Renaud et al., 1991 ], and carboxyl [Avey et al., 1993] groups. 

The use of these bi-phasic systems has been limited industrially to propene 

hydroformylation [Kuntz, 1981] because the reaction takes place at the organic

aqueous interface. Poor solubility of the reactants (especially higher olefins) in the 

aqueous media results in slow reaction rates as a result of phase transfer 

limitations. The use of additional surfactants and "phase transfer agents" (which 

can result in mice lie formation) [Fell and Papadogianakis, 1991] as a means of 

speeding up the process has been investigated. No industrial application of these 

systems has been reported. However, the use of quaternary ammonium or 

phosphonium salts and "alternative" ligand structures which improve the solubility 

of the catalyst complex in the organic media at the phase interface are reported to 

be suitable for industrial hydroformylation of higher olefins [KOhlein, 1994][Weibus 

and Cornils, 1994]. In addition, researchers at Union Carbide [Abatjoglou et al., 

1995] have recently claimed a process whereby a Rh-TPPMS (tri-phenylphosphine 

mono-sulphate) catalyst used for higher olefin (octene, dodecene, styrene and 

dienes) hydroformylation in conjunction with solubilizing agents such as n

methylpyrrolidone can be effectively recycled by making use of excess water and/or 

methanol in the extraction stage [Haggin, 1995]. The process was reported to have 

been demonstrated on a "small experimental unit" wherein the Rh content in the 

product recovery stream was less than 20 ppb. 

J 
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1.3.6 Hydroformylation Catalyst Poisons 

Various compounds have been reported as hydroformylation catalyst poisons. An 

extensive amount of work has been undertaken in this regard. The most commonly 

cited catalyst poisons are dienes/ acetylenes, sulphur and sulphur-compounds, 

halogens, carboxylic acids, and iron-carbonyls [F albe, 1970, 1980]. The presence 

of small quantities of dienes in HTF-T products [Dry, 1981] may therefore be a 

cause for concern when including these compounds in a hydroformylation 

feedstock. Reports on the effects of dienes as a poison are however not consistent. 

Fell et al. [1975], reported that hydroformylation of butadiene with cobalt, modified 

cobalt or with rhodium alone, yielded only monoaldehydes or monoalcohols. These 

workers showed that the reaction proceeds via a semi-hydrogenation of the diene 

to the monoolefin. 

Various sulphur compounds such as saturated thioethers and thiophene have been 

reported not to harm hydroformylation catalysts [Falbe, 1970][Macho, 1961 ][Weibus 

and Cornils, 1994], but other S compounds such as COS, H2S unsaturated 

thioethers, mercaptans, mercaptals, disulphides CS2 and S all inhibit the 

hydroformylation reaction by forming inactive S-containing carbonyls which also 

have a lower solubility in the organic reaction media [Falbe, 1980]. NH3 and 

amines were originally thought to retard hydroformylation, but it was subsequently 

shown [Falbe, 1970][Ungvary and Marko, 1969] that small amounts of amines, 

including pyridine, accelerate the reaction. In addition, water, C02 and oxygen have 

also been referred to as poisons, but are also said to effect an increase in 

conversion and selectivity if present at low concentrations [Falbe, 1980]. The effects 

of these components are discussed in more detail with the results in subsequent 

chapters. Depending on the type of hydroformylation catalyst, the presence of 

some of these compounds does not necessarily result in a direct attack on the 

catalyst. Instead, they cause the formation of unwanted by-products by means of 

secondary reactions. This causes process difficulties in product purification or the 
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catalyst recycle stages of a continuous process. The continued reference to sulphur 

as a hydroformylation catalyst poison is significant in the context of this 

investigation. As sulphur is a recognized F-T catalyst poison, much effort goes into 

removing it from the syngas to F-T reactors. If a sulphur "breakthrough" occurs, F-T 

catalysts would be most effective in 11capturing" all of the unwanted sulphurous 

gas. Hence, the products, ie. the hydroformylation feed, would be sulphur free. 

1.3. 7 Hydroformylation Solvents 

The fact that a HTF-T feed, depending on the manner in which it is prepared, may 

contain significant quantities of non-olefinic material necessitates that one 

considers the effect of solvents on hydroformylation. Cornils in Falbe's review 

[1980J has reviewed work undertaken on these effects. The fact that no industrial 

processes employ solvents implies that the potential advantages are outweighed 

by the disadvantages. According to the review, the following general advantages 

and disadvantages apply regarding the use of solvents: 

Advantages: 

Improved reaction control by varying the concentration of reactants, 

intermediates and final products and by so doing influencing the reaction 

selectivity. 

The solubility of the syngas improves in various solvents thereby improving 

gas to liquid mass transfer. 

Process engineering benefits, such as the solvent behaving as an additional 

coolant, catalyst carrier, or a selective solvent for the feedstock or product. 

Improving the reaction selectivity in causing a shift in the equilibrium to a 

desired product by using an undesired product as a solvent. 

"Reactive" solvents may be employed to react selectively with intermediates 

to give a desired product. 

Several solvents may exert electronic effects and by so-doing function as 
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activators or modifiers. 

Disadvantages: 

The outlay necessary for a solvent recycle coupled to a catalyst recovery 

section is considered prohibitive. 

The additional reactor volume taken up by the inert solvent is not available 

for oxo synthesis thereby decreasing reactor efficiency and increasing costs. 

These disadvantages are of an economic nature, but factors such as the cost of the 

feedstock, as well as the alternative value of the solvent if it were not necessary to 

recycle it, could result in a paradigm shift. 

The reference to benzene and various oxygenated compounds such as aldehydes 

and alcohols as solvents exerting a beneficial effect [Falbe, 1980] is relevant. Apart 

from the olefins and paraffins in a C8 to C12 HTF-T product fraction, there may be 

>20% by mass of aromatic and oxygenated compounds present. (See Section 

1.2.5). The F-T products in this carbon number range have for the purposes of this 

work been collectively termed Synthol Light Oil (SLO). 

Studying the use of SLO fractions as hydroformylation feeds wherein the feed 

contains a possible "built in" solvent may therefore be of interest. 

1.4 OBJECTIVES OF THIS STUDY 

To ascertain the feasibility, and investigate catalytic aspects of hydroformylation of 

SLO. The objective being to propose a suitable method for beneficiating the higher 

olefins in this material. This topic has not been reported previously. 

This subject was tackled using the following approach. 
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i) To perform initial screening experiments with phosphine modified Rh and Co 

catalysts in order to ascertain feed-catalyst compatibilities. The aim of these 

experiments being to identify a suitable catalyst or catalyst system for the 

hydroformylation of these feeds whilst at the same time maximizing alcohol 

product linearity. 

ii) Characterisation and quantification of such hydroformylation systems, with 

particular attention to feed and product characterization. 

iii) Testing the effect of reaction conditions, including feed composition and 

ligand effects. 

iv) A kinetic investigation of the selected hydroformylation system incorporating 

modelling of the results. 

v) Scale up of the selected system to a continuous unit incorporating catalyst 

recycle. An additional objective of this experiment being to check feed

catalyst compatibility as well as the predicted kinetics. 



CHAPTER 2 

EXPERIMENTAL PROCEDURES 
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2 EXPERIMENTAL PROCEDURES 

2.1 REACTORS AND REACTOR PROCEDURES 

2.1.1 Screening (Work in Chapter 3) 

Initial hydroformylation catalyst evaluations were undertaken in a "1 litre" 

Andreas Hofer autoclave. 

A description of the "1 litre" screening autoclave is best achieved by means of 

Figure 2.1. The high pressure reactor had an approximate volume of 1.3 litres. 

The stirrer mechanism was of the plunger type wherein a magnet lifted and 

dropped a shaft fitted with conical fixtures in order to promote efficient mixing 

of the syngas and liquids. The heater was connected to a temperature controller. 

Temperature and pressure outputs were monitored via type "J" thermocouples 

and Rosemount pressure transducers respectively, and logged on a chart 

recorder. 

Procedures 

The reactor was operated in a "batch mode" (closed system). 

The following procedure was employed: 

The desired quantities of phosphine ligand, metal precursor and liquid 

feed were loaded under a N2 atmosphere into the autoclave reactor. 

Sealing and pressure testing (with N2 ) of the reactor. 

The reactor contents were heated to the desired temperature under a 1 

bar(g) N2 atmosphere. 

The stirrer was switched on, and the stirrer speed maintained at a fixed 
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arbitrary plunger speed setting "= max." 

Syngas was introduced to the desired pressure once the desired 

temperature was attained at time = zero, and the reactor sealed. 

The pressure was monitored with time. Once the pressure drop ceased, 

the reactic?n was considered ''complete". 

After "completion11 of the reaction/s, the reactor was cooled, flushed with 

N2, and opened. 

The heavier catalyst and/or catalyst component in the reactor product 

was allowed to 11segregate" to the bottom of the samples before the 

liquids were analysed. This was occasionally speeded up by centrifuging. 

The liquid composition of the reactor was analyzed by GC and GC-MS 

techniques. 

The same procedure for screening was used from time to time on the Parr micro

reactor system described for reaction studies in Section 2.1.2. The screening 

reactions undertaken are described in Chapter 3. 

Key to Figure 2.1. 

Magnet (for magnetic plunger) 11 Agitator 

2 Stirrer/plunger housing 12 Reactor vessel (± 1 litre) 

3 Nut (for sealing reactor) 13 Compressed air sprinkler 

4 Spacer 14 Electrical connection with plug 

5 Bomb/reactor cover 15 Electrical connection with plug 

6 Screw 16 Thermocouple guide 

7 Flange 17 Safety release valve 

8 Inlet gas line (from cylinder) 18 Gas outlet (with valve) 

9 Thermowell 19 Line to pressure transducer 

10 Heating body 
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Figure 2.1 Diagram of the "1 litre" reactor used in screening experiments. 
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2.1.2 Constant Pressure Reaction Studies (Work in Chapters 4-6) 

Reaction studies on selected hydroformyiation catalyst systems were 

undertaken in a micro-reactor system incorporating a 450ml 316 stainless steel 

Parr reactor, which is illustrated in Figures 2.2 to 2.5. 

Hydroformylation reaction rate and selectivity data were obtained by 

undertaking batch reactions under fixed pressures of syngas. The following 

approach was used: 

Since the ratio of H2:CO of 2:1 was shown not to change significantly during the 

course of the experiments, reactions under "constant gas pressure and 

composition" were undertaken using a 2:1 H2:CO syngas composition. The 

reason being that approximately 2 moles of H2 are consumed for every mole of 

CO used in the nett reaction olefin to alcohol. Monitoring the progress of the 

various reactions was thus simplified and achieved by sampling of the reactor 

contents at regular intervals. Details of the reactor configuration used in the 

constant pressure experiments are illustrated in Figures 2.3 to 2.5. When 

syngas in which the H2:CO ratio was not equal to 2:1 was used, gas was 

continually fed through the system so that the syngas composition inside the 

reactor remained approximately constant. 

The micro-reactor was equipped with a magnetically driven gas entrainment 

impeller. Use was made of gas intake ports situated near the top of the hollow 

stirrer shaft. Gas was sucked in through these ports and expelled into the 

vigorously stirred liquids. This ensured efficient mixing and good liquid-gas 

contact. Stirrer speed was monitored by a digital read-out on the Parr Series 

4842 controller. Stirrer speeds ~500 rpm were used. 

Gas inlet and liquid sample take-off was facilitated by means of a dip/sample 



Chapter 2 57 

tube fitted with appropriate valves as demonstrated by Figures 2.2 to 2.4. 

Continual replacement of gas consumed by the reaction, as well as gas lost 

during sampling of the reactor contents, occurred through the dip tube and 

ensured that no contamination of liquid samples by previous samples took 

place. 

For various experiments in which solid "heterogeneous" catalyst particles were 

tested, a modification which involved fitting a 5µm filter to the bottom of the dip 

tube was used. This ensured that solids remained in the reactor. 

Syngas pressure to the reactor was maintained by a high pressure Dr'a'ger 

Tescom stainless steel regulator connected to syngas cylinders with 

downstream connection to an in-line Brooks pressure controller and a suitable 

valving arrangement (see Figure 2.5). The reactor gas inlet was kept open so 

that the gas consumed could be replaced, and so that the reactor pressure 

remained constant. The gas pressure in the reactor was monitored by means of 

an Aschcroft pressure transducer connected to the Series 4842 controller with 

digital pressure readout, as well as by a pressure gauge connected directly to 

the reactor as demonstrated in Figure 2.4. 

Gas sampling of the reactor off-gas was facilitated by making use. of the gas

ampule technique [Schulz and Geertsema, 197?]. A gas ampule sample 

collection device (see Figure 2.6) with a suitable valving arrangement was fitted 

to the reactor outlet for this purpose as illustrated in Figure 2.5. This technique 

involves capturing gas in a previously evacuated glass ampule by placing it in 

the gas stream, followed by breaking of one end which allows the gas to enter, 

and then sealing the ampule by means of a flame. The gas-containing ampule 
> 

can then be analyzed by Gas Chromatography (GC) - See the description of GC 

procedures in Section 2.3.2. 
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Temperature control and measurement was facilitated by a LFE Series 200 

controller connected to a type "J" thermocouple inserted into the reactor and an 

external heating jacket. An additional thermocouple inserted into the reactor was 

connected to a Westronics series 1500 chart recorder. Pressure and stirrer 

speed readout signals were also connected to the chart recorder. 

Procedures 

The following procedure was employed: 

The desired quantities of phosphine ligand, metal precursor and liquid 

feed were loaded under a N2 or Ar atmosphere into the autoclave reactor. 

Sealing and pressure testing (with N2 ) of the reactor. \ 

The reactor contents were heated to the desired temperature at 1 bar (g) 

N2 atmosphere. 

The stirrer was switched on, and the stirrer speed maintained above 500 

rpm. 

Syngas was introduced to the desired pressure once the desired 

temperature was attained at time = zero. 

Gas consumed by the reactions was replaced so as to maintain a 

constant reaction pressure. 

The liquid composition inside the reactor was measured by sampling the 

reactor contents at regular time intervals and analysing the liquids with 

GC and GC-MS techniques. (Analysis of gas samples taken at the end 

of the runs confirmed that the H2:CO ratio was not altered significantly 

during the course of these experiments). 

Care was taken to ensure that no contamination from previous samples 

took place during liquid sampling of the reactor contents. 

GC (and GC-MS) analysis of liquids (as well as gases). 
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Reaction studies undertaken at constant pressure are described in Chapters 4 

and 5. 

Figure 2.2 Diagram of the Parr ( 450ml) micro-reactor (side 
view) 

t 
13 

Key to Figure 2. 2. 

1 Pressure gauge 9 Connector 

2 Gauge/outlet adaptor 10 Dip tube 

3 Cap screw for reactor lid retaining ring 11 Stirrer shaft 

4 Compression ring (hollow for gas entrainment) 

5 Head gasket (teflon) 12 Bomb cylinder (450ml) 

6 Drop band with screw 13 Set screw for drop band 

7 Reactor lid retaining ring (split ring) 14 Spined coupling with screw: 

8 Bomb head Inserts into connector from 

stirrer motor 
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Details of the reactor/bomb head assembly are given in Figures 2.3 and 2.4. 

Unless otherwise stated, all materials used were 316 stainless steel. 

Figure 2.3 Top view of Parr reactor/bomb head assembly* 

3 

*Key to Figures 2. 3 and 2. 4 

1 Pressure gauge 

2 Magnetic stirrer drive system 

3 Gas inlet valve 

4 Liquid sampling valve 

5 Thermocouple 
6 Water cooling channel (for magnetic stirrer) 

7 Dip tube (for gas inlet and liquid sampling) 

8 Stirrer guide 

9 Gas entrainment impeller shaft (hollow) 

1 O Safety rupture disc 

11 Gas release (outlet) valve 

12 Reactor cooling coil inlet (optional) removed for this study 
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Figure 2.4 Side view of Parr reactor/bomb head assembly 

11--

10-----..;i.;.-=,~,w 

9~---------~ 

8---------~ 

--------1 

------2 

----3 

W??.~---4 

~i~@~ 

'-------5 

"'----6 

*"---------7 

61 



~
·
 

-
-
-
~
 

t G
A

S
 

H
A

N
D

L
IN

G
 

S
yn

ga
s 

in
le

t 
fro

m
 

cy
lin

de
r 

N
itr

og
en

 in
le

t f
ro

m
 

--
---

--
--

--
--

---
--

--
---

--
--~

~li
[l_

q~r
_ _

_ -
---

--
---

--
-

. 

IN
S

T
R

U
M

E
N

T
A

T
IO

N
 

T
yp

e 
"J

" 
th

er
m

oc
ou

 
le

 

S
tir

re
r 

sp
ee

d 
m

e
a

su
re

m
e

n
t 

. 
t 

E
n

co
d

e
r 

@-
[i
ll
-~
o*
) 

21
 

2
0

 
~
 

18
 

• 
• 

• • • I 

t D
ire

ct
io

n 
o

f g
as

 
flo

w
 

To
 

ve
nt

 
::

:..
1-

--
--

5 
6 

fi
l-

G
a

s
 

'
-
-
~
-
-

· 
sa

m
pl

in
g 

..._
 __

 "_"' _
__

_ ., 
7 

To
 

ve
nt

 

--
--

--
--

--
--

--
--

--
--

--
--

-·
-·

--
--

--
--

--
--

--
--

--
-·

a·
·-

-·
--

--
--

--
--

-·
-·

··-
···

···
··-

··-
--

--
--

--
--

-·
 

D
u

p
le

x 
ty

pe
 

"J
ll 

0 
to

 3
50

 
b

a
r 

>3
00

°C
 

>
 1

50
 

ba
r 

19
 

R
E

A
C

T
O

R
 

• • I • • I I 
17

 

"O
 ., CD
 

en
 

en
 

:n (Q
 

c: .., CD
 

~
 

c.n
 

G
) 

O
l en
 

c 
:::

r 
Ci3

 
O

l 
:::

J 
Ci3

 
a

. 
O

l 
:::

J 
U

co
 

O
' 

::::>
 

en
 

en
 '

<
 

":
-' 

en
 m
 

3 O
l 

:::
J a
. 

:::
J en
 

.-
+

 
., c 3 CD

 
:::

J or .-
+

 

5·
 

:::
J -- (") 0 :::
J en
 or :::

J 
.-

+
 

(J
) 

N
 



Chapter 2 63 

Key to Figure 2. 5 

Gas Handling system: I (lines indicated in "bold"). 

1 Check (one-way) valve 

2 Pressure controller 

3 Flow indicator 

4 Hand control valve (for connection to N2 cylinder) 

5 Metering valve 

6 Gas ampule sampler (see Figure 2.6) 

7 Bubbler on outlet of gas sampler 

Instrumentation for reactor: I (lines indicated as "normal"). 

8 Temperature switch high-high (designates a trip signal) 

9 Temperature emitter (readout) k . 
10 Temperature indicator+ controller 

11 Solid state relay 

12 Pressure indicator (pressure gauge) 

13 Pressure transducer 

14 Pressure indicator 

15 Pressure switch high-high (designates a trip signal) 

16 Pressure recorder 

17 Reactor heating (mantle) 

18 Encoder for stirrer speed measurement 

19 Speed indicator 

20 Speed conditioner (thyristor drive) 

21 Speed recorder 

22 Temperature recorder 
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Figure 2.6 Details of gas ampule equipment: 

Longitudinal Section of the Ampule Sampler 

INLET (FROM THE REACTOR) 

:=aRK 

Dimensions of an Evacuated Gas Ampule 
.. 

~ 
0 ..: 
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Dimensions= mm. 

Drawings courtesy of P. van Berge 
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2.1.3 Continuous Reactor System for Process Demonstration 

(Work in Chapter 6) 

65 

The system was used to a) test whether Synthol feeds could be hydroformylated 

continuously, b) to demonstrate a method of continuous homogeneous catalyst 

recycle and c) test an applicable kinetic model generated from the smaller micro

reactor work. 

The system is illustrated by means of a flow diagram in Figure 2.7, and a brief 

description of the operation follows. Various numbered items are referred to in 

the text describing .the system so as to assist the reader. 

A commercial F-T synthesis gas termed Arge Pure Gas (APG) was compressed· 

from 25 bar(g) to 150 bar(g) by means of a Haskel compressor (45). This 

pressure was stepped down to 90 bar (g) by means of a Brooks thermal mass 

flow controller ( 47) which also regulated the gas flow to the reactor. 

The reactor (8) consisted of a 9 litre vessel to which an air driven magnetic 

stirrer supplied by Autoclave Engineers was fitted. The liquid volume inside the 

reactor was determined by the distance that a dip tube (19) was inserted from 

the top of the reactor, and the remainder of the volume was occupied by 

synthesis gas. For more detail of the reactor see Figure 2.9. 

The syngas, fresh-feed oil and recycle (which contained catalyst) streams 

entered through nozzles at the bottom of the reactor. The fresh feed was 

delivered to the reactor via a positive displacement pump from a 15 litre feed 

vessel (A), the contents of which were kept under Argon. The recycle stream· 

was also re-introduced via a positive displacement pump as discussed below. 

The reactor off-gas and product stream was taken off via the dip tube. The 

contents of the outlet were cooled in a knock-out vessel (C) in which gas-liquid 
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separation occurred. 

The off-gases passed via an additional vessel - the level pot (D} - to a Grove 

back pressure regulator (37}, which controlled the pressure in the reactor 

system. When the pressure in the reactor system exceeded the setting on the 

back pressure regulator, the diaphragm on the Grove opened. The excess gas 

was then released and passed through a cooling knock-out pot (G), and an 

additional knock out pot (H) to remove any traces of entrained liquid before 

being flared. Liquid from the reactor which was separated from the off-gas in the 

first knockout pot (C), was still at high pressure. This liquid flowed to the level 

pot (0). The liquid level in the level pot was controlled by communication 

between a level probe in the level pot and the fresh feed pump. Liquid - at high 

pressure - in the level pot passed through a control valve (34), the function of 

which was regulated by the level in a downstream vessel termed the Short Path 

Distillation (SPD) feed pot (E) which was at low pressure and in which additional 

outgassing occurred. 

Non destructive recycle of the catalyst was achieved by SPD. (See Figure 2.8). 

The reactor content, or product, was introduced into a UIC manufactured model 

KD4 SPD unit from the SPD feed pot via a gear pump. The liquid entering the 

SPD unit (which was under vacuum), was spread around the heated walls of 

the unit by means of rollers. As the liquid moved down along the walls of the 

unit, the more volatile components were flashed off and condensed onto a "cold 

finger" or condenser situated internally along the length in the middle of the 

cylindrical unit. This distillate was collected in a product collection flask. The 

heavier residue which continued down the SPD walls, and contained the 

catalyst, ligand, heavies and some remaining hydroformylation product, was 

pumped by means of an additional gear pump to a catalyst holding vessel 

termed the purge vessel (F). 

i 

I 
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The purge vessel was kept under an argon atmosphere to prevent oxidation of 

the catalyst and ligand. A small portion of the purge pot contents was purged 

at regular intervals to prevent buildup of "heavy" components in the system. The 

catalyst lost during the purging process was replaced by introduction of a 

quantitative amount of "fresh catalyst" into the purge pot vessel. 

-
The liquid level in the purge pot was maintained by a level probe in the said 

vessel that communicated with a positive displacement pump which recycled the 

catalyst and heavy recycle liquids to the reactor (8). 

In essence the plant was therefore controlled by the following "cascade" effect: 

The SPD feed pump speed which was set, determined the level in the SPD feed 

vessel ( E). The SPD feed vessel level (probe) communicated with the upstream 

control valve. The control valve opened (to drain the upstream level pot (0)) and 

closed so that the level in the SPD feed vessel (E) was maintained at the 

appropriate set value. The level pot (probe) communicated with the fresh feed 

pump, and "asked" for more liquid feed from the feed pump when the level was 

low (ie. fresh feed volume was not a control variable). The amount of liquid in 

the level pot was also determined by the size of the liquid recycle stream being 

sent back to the reactor. The recycle stream was regulated by the level in the 

purge vessel (F). The size of the recycle stream was determined by the 

operating conditions in the SPD unit, as well as the size of the purge. 

The system incorporated Process Logic Control (PLC) in which variables 

including levels, flows, temperatures, pressures, and pump speeds were 

monitored, and the data for mass balance purposes was automatically logged 

by computer. 

Additional discussions and details pertaining to the continuous reactor system 

are undertaken in Chapter 6. 
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Key to Figure 2. 7. 

Vessels 

A Feed pot 

B Reactor 

C Knock-out pot 

D Level pot 

E SPD feed pot 

F Purge pot 

Chapter 2 

G Cold trap for entrained liquid condensation 

H Additional knock-out pot for remaining liquids in off gas 

Piping and Instrumentation 

1 Hand control valve 28 
2 Check (one way) valve 29 
3 Sight glass (for visualization of liquid levels) 30 
4 Magnetic drive 31 
5 Stirrer paddles and shaft 32 
6 Pressure indicator (gauge) 33 
7 Liquid line (direction of flow indicated) 34 
8 In-line filters 

9 Sampling point 35 
10 liquid pump 36 
11 Safety release valve 37 
12 Designates "Control to Electrical" 38 
13 Speed conditioner (thyristor drive) · 39 
14 Flow indicator controller 40 
15 Flow transmitter 41 
16 Flow emitter 42 
17 Air line for air driven stirrer motor 43 
18 Air valve 44 
19 Dip tube (determines level of liquids in reactor) 45 
20 Temperature emitter 46 
21 Temperature transmitter 47 
22 Temperature indicator recorder 

23 Control signal to temperature valve {= solid state relay) 

24 Temperature valve {=solid state relay) 

25 Reactor heating element 

26 Liquid flow line from knock out pot 

27 Gas flow line from knock out pot 

69 

Level probe 

Level emitter 

Level transmitter 

Level alarm high 

Level indicator controller 

Level alarm low 

Control valve (for taking liquids 

from high to low pressure) 

Level control valve (electrical) 

Level thyristor 

Grove (back pressure regulator) 

Solenoid shut-off valve 

Pressure transmitter 

Pressure alarm low 

Electrical signal converter 

Trip I reset buttons 

Heated catalyst recycle line 

Recycle line to the reactor 

Syngas compressor 

In line pressure regulator 

Thermal mass flow controller 



C
H

E
C

I<
 V

A
LV

E
 

F
E

E
D

 T
O

 
M

O
T

O
R

 
S

P
D

 

S
H

O
R

T
 P

A
T

H
 D

IS
T

IL
LA

T
IO

N
 (
SP
D~
)-
=C
'-
'O
'-
"L
""
U"
"'
M"
"-
N'
--
--

O
IL

 H
E

A
T

E
R

 

H
E

A
T

E
D

 
E

X
1"

E
R

N
A

L 
W

A
L

L
S

 

--·
 

C
O

M
M

U
N

IC
A

T
IO

N
 

W
IT

H
 S

P
D

 D
IS

C
H

A
R

G
E

 
P

U
M

P
 

r·-·
-··-

==
:J 

·-
··

-·
-·

··
·-

-·
··

··
·-

-·
··

·-
··

--
: 

R
E

C
Y

C
LE

 
R

E
S

i5
T

JE
 

w
n 

11
 C

/\T
A

LY
S

T
 

L 
...

.. 
-c

::
=

:i
 

c
=

=
i 

LE
V

E
L 

IN
D

IC
A

T
O

R
S

 
C

=
::

:J
 

D
IS

T
IL

LA
T

E
 

C
O

O
L

A
N

T
 

E
X

P
A

N
S

IO
N

 
C

O
N

N
E

C
T

IO
N

 

K
N

O
C

K
-O

U
T

 
P

Q
T

 

D
R

A
IN

 

N
E

E
D

LE
 V

A
LV

E
 

D
 

N
IT

R
O

G
E

N
 

. 
TO

 
V

A
C

U
U

M
 P

U
M

P
 

A
T

M
O

S
P

H
E

R
E

 

TO
 A

T
M

O
S

P
H

E
R

E
 

D
R

A
IN

 

V
A

C
U

U
M

 P
U

M
P

 

TO
 

A
T

M
O

S
P

H
E

R
E

 

D
IS

T
IL

LA
T

E
 P

R
O

D
U

C
T

 
C

O
L

L
E

C
T

O
R

 

..,, ~ a
. ill"
 

<O
 ru 3 a .....
.. 

:::J
'" 

CD
 

C
J)

 
-0

 
0 c ::::

J 

Q
) 

::::
J a
. 

-0
 

CD
 

:::
!. 

-0
 

:::J
'" 

CD
 ru CD
 

.0
 

c -0
 

3 CD
 

::::
J .....
.. 



Chapter 2 

Figure 2.9 Schematic of the reactor used for continuous catalyst 
testing 
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Key to Figure 2. 9 

1 Magnetic stirrer housing 

2 Top flange cover 

3 Shaft coupling 

4 Dip tube (determines and maintains liquid level in the reactor) 

5 Reactor vessel 

6 Stirrer shaft 

7 Impeller 

8 Bottom housing for stirrer 

9 Recycle (with catalyst) inlet line 

9 Fresh feed inlet line 

10 Gas inlet line 

11 Feed inlet line 
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2.2 MATERIALS 

2.2.1 Liquid Feeds 

In this thesis, SLO is the general term referring to the petroleum and diesel 

fraction of the Synthol F-T product spectrum, and should not be confused with 

stabilized light oil terminology. 

Feeds were prepared by distillation of HTF-T SLO reactor products to yield 

single and double carbon fractions. As an example, fractionation of the C10 

portion of the HTF-T product spectrum yielded a "cut" of the type illustrated by 

way of a GC trace in Figure 2.10. The dark peaks are olefinic in character 

(identified by GC-MS). These correspond with Dry's model for predicting olefins 

and their distribution in HTF-T products in the C10 boiling range [Dry, 1993]. 

Figure 2.10 GC trace of C10 SLO fraction. 
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The model prediction of expected olefin distribution in a C10 SLO fraction is 

illustrated by way of a bar-chart in Figure 2.11. 

Figure 2.11 Theoretical olefin distribution of the C10 portion of a HTF-T 
product spectrum: As predicted by modelling [Dry, 1 993]. 
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Hydroformylation results comparing 1-decene (> 94% pure from Aldrich and 

>96% pure from Merck) and SLO feeds were regularly undertaken during this 

study. n-Octane (99+% from Aldrich) was originally added to the pure olefin 

feeds in order to act as an inert internal standard and diluent, thereby acting as 

an additional "reference" for the SLO components. This was undertaken as all 

the SLO feeds contain non-olefinic components, which may or may not contain 

reactables, and the SLO fractions tested always contained diluted olefins. 

Possible "non-olefinic reactables" include aromatics and oxygenates with 

unsaturated alkyl chains. It was therefore reasoned that comparing pure with 

diluted feeds would not be as meaningful. 
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During the course of the work, n-octane was substituted by n-hexadecane 

(99+% pure from Aldrich) due to hexadecane's lower volatility compared with 

octane. This made analyses less prone to error due to lower losses caused by 

sample evaporation. 

SLO C8..g broad, C9 narrow, C10 broad, C10 narrow, and C11•12 fractions were 

prepared by fractionation of SLO. Details on the feed compositions are outlined 

in the relevant chapters discussing testing of these feeds. The a-olefin content 

in the feeds could be increased by re-distillation of 11broad 11 SLO fractions to 

isolate a desired portion of the F-T product spectrum into "narrow" fractions. 

(See Figure 3.1 ). It was demonstrated during the course of the work that 

carboxylic acids should be removed. This could easily be achieved by washing 

the feeds with equivolume quantities of 10% aqueous NaOH solution, followed 

by phase separation. In cases where emulsions formed, these were broken by 

means of C02 (solid dry ice) addition. 

Until required, the SLO fractions were placed under refrigeration in sealed glass 

or stainless steel containers. It was demonstrated that allowing the feeds to 

stand for lengthy periods gave rise to peroxide formation [Kindermans, 1995] 

which had a significant impact on catalytic systems. The material was always 

used in as "fresh" a state as possible. 

During the course of experiments various chemicals (all purchased from Aldrich) 

were added to the SLO feeds, for analysis confirmation purposes and on 

occasion for testing in the feeds. These included lndan (97%), propyl benzene 

(98%), cylopropyl benzene (97%), ethyltoluene (95%), butyl ether (99%), 

undecyclic aldehyde (or 1-undecanal) (97%), butyric acid (99+%), trans-5-

decene (99+%) and n-decane (>95% ). 

Measured compositions of the various pure and SLO feeds are listed in the 



Chapter 2 75 

subsequent chapters (see Tables 3.1, 4.3 and 5.3) and in Appendices 1 to 3. 

It should be noted that as Synthol operating conditions can be changed over a 

wide spectrum (as indicated in Section 1.2.3), the SLO composition can vary 

significantly. Furthermore, because of the way in which the SLO fractions were 

"cut", the feeds used in this study was not necessarily typical of commercial 

Synthol product fractions. 

2.2.2 Gases 

Pure syngas mixtures consisting only of H2 and CO were tested. The H2:CO 

composition (%v:v) in these "pure" mixtures were typically 1: 1, 1 :2 and 2: 1. 

These mixtures, bottled at approximately 130 bar(g}, were supplied by the 

Fedgas company which claimed a syngas purity of 99.99%. 

Gas simulating a commmercial syngas mixture was used and compared to the 

"pure" syngas in various experiments. The gas mixture tested had the following 

composition (volume %): H2 = 56%; CO = 29%; C02 = 1 %; CH4 = 12%; N2 

(balance) = 2%. 

2.2.3 Catalyst Precursors and Additives 

The catalysts were mostly generated in situ under reaction conditions from the 

relevant metal precursors, ligands and synthesis gas. Additives were used in 

various experiments. Details of "heterogeneous" catalysts tested are in Table 

3.5.1. 

2.2.3.1 Metal precursors 

The following metal salts and precursors were used (see Table 2.1 ): 



76 Experimental 

Table 2.1 Metal precursors employed. 

Metal Precursor Chemical Formula SUPPlv Details 

Rhodium (I) triacetylacetonate Rh(02C5H7h Strem Chemicals Inc. (99+%) 

Hydrocarbonyl HCORh(P(C6H5M3 Strem Chemicals Inc. (99+%) 

tris(triphenylphosphine) rhodium (I) 

Rhodium (II) acetate dimer [Rh( 02C2H3hl2 Strem Chemicals Inc. (99+%) 

Tris (triphenylphosphine) rhodium (I) ((C6H5)3P)JRhCI Strem Chemicals Inc. (99+%) 

chloride 

Cobalt acetate Co(02C2H3}i.4Hp Saarchem; Mere; (99+%) 

Cobalt octanoate Co(02CaH15)2 Borchers: 10% Co containing 

solution : "Octasoligen" 

2.2.3.2 Ligands 

The following phosphine ligand& were evaluated. 

Table 2.2 Ligands evaluated. 

Liaand tested Abbreviation Chemical formula Supply details 

Tri-PhenylPhosphine TPP P(CsH5h From Aldrich; 

MW=262 99+% pure 

Tri-n-ButylPhosphine TBP P((CH2)3CH3)3 From Fluka; 

MW=202 95% pure 

Tri-n-OctylPhosphine TOP P((CH2)1CH3h From Fluka: 

MW=371 95% pure 

bis-diPhenylPhosphinoButane bis-PPB (C6H5)iP(CH2)4P(C6H5h From Aldrich: 

MW=426 96% pure 

Mixture of the following two isomers (C8H14) P(CH2)19CH3 From Hoechst 

9-Eicosyl-9-Phospha (3,3, 1) bicylcononane EP MW=442 90% pure 

9-Eicosyl-9-Phospha (4,2, 1) bicylcononane 

MW denotes Molecular Weight. 

.. ] 
j 
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Figure 2.12 Ligand Structures. 

Collectively termed EP 

(2 

(1 

2.2.3.3 Additives 

Potassium hydroxide (KOH; 90+% pure from CJ Chem.), and a linear 

alkylbenzene sulphonate (LAS) surfactant, dodecylbenzenesulphonic acid 

sodium salt, were used in various experiments. 

2.3 CHARACTERIZATION AND QUANTIFICATION PROCEDURES 

2.3.1 Liquids: By Gas Chromatography (GC) 

Analysis of reactor liquids was undertaken on Perkin Elmer Model 8420 and 

Perkin Elmer Autosystem Gas Chromatographs using the conditions listed in 

Table 2.3. 
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Table 2.3 GC Conditions for analysis of liquids. 

Column Perkin Elmer; PONA capillary non-polar type; coated internally 

with O.Sµm methyl silicone stationary phase film; 50m long; 

0.25 mm ID; 

Temgerature grogram: 

Initial oven temperature 100°c 

nme at initial temperature 20 minutes 

Final Temperature 300°C 

Time at final temperature 10 minutes 

Temperature ramp 4°C I minute 

Total analysis time 80 minutes 

Carrier gas He, purity >99.9%, 2 bar g head pressure 

Detector Flame Ionization Detector (FtD): Air to H2 flow ratio = 10:1. 

Injector temperature 300°c 

Detector temperature 300"C 

Sample volume 0.2 µI (using a 0.5 µ SGE Syringe) 

Sample splitter ratio 1 : 100 

A typical gas chromatogram generated using the above conditions is illustrated 

in Figure 2.13. (Also see Appendixes 1, 2, and 3). The GC peak and peak area 

data in ASCII file format were transferred to Lotus spreadsheet files for further 

data handling. Identification of the peaks was facilitated by making use of 

Kovat's indices [Sadtler and Heyden, 1986], and GC-MS. In this regard, use 

was made of a Wiley 138 Mass Spectra Library on HPChem software. In 

addition, the appearance and disappearance of peaks was monitored, and 

known compounds were injected as an additional check. The peak areas were 

divided by known FID response or sensitivity factors [Dietz, 1967], and the sum 

of the corrected areas used to calculate the mass % of each component peak. 
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Figure 2.13 Typical GC Chromatogram of reactor liquids. 
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2.3.1.2 Quantification of Oxo Olefin Reactables in Synthol Products: 

A New Approach 

Measuring the olefin content and distribution in Synthol products (especially the 

heavier fractions) represents a challenge. This is because of the large number 

of components present in the material, which often "mask" olefins in GC and 

GC-MS analysis. Hydrogenation of the F-T products in order to simplify the 

product spectrum has previously been used as an analytical tool by Pichler et 

al. [1967] and Beck [1967]. This entails hydrogenation of all the olefins and 

oxygenates without isomerization, thus improving the skeletal characterization 

of the F-T product spectrum. Although convenient for simplifying analyses, the 

hydrogenation technique still does not completely solve the problem of peak 

masking, and olefin quantification, especially not in the context of quantifying 

"oxo reactables." 

Comparing samples before and after hydrogenation on a polar GC column which 

can separate olefins, paraffins and oxygenates may be useful in this regard. 

However, in higher olefin containing fractions, various unsaturated compounds 

such as cyclics with unsaturated side-chains exist which may be difficult to 

distinguish from other olefins. In addition, these compounds may or may not be 

hydroformylated due to stearic constraints. 

Quantification of "oxo reactable" has largely been solved by the use of 

exhaustive hydroformylation reaction chemistry as a tool for measuring the 

aliphatic olefin content and distribution. This was achieved by making use of 

detailed analysis of the remaining SLO as well as reaction products. Reaction 

selectivities, mass balances and product data were then used to "back compute" 

the reactive olefin composition in the feed/s using the methodology discussed 

below. 
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Examples of GC traces with MS peak identifications and breakdowns of reactor 

contents measured using this approach are included in Appendices 1 to 3. 

The following approach to quantification of the data obtained from GC and GC

MS was used: 

The contributions of liquid components measured by GC were expressed as 

mass%. This necessitated making use of internal standards to correct for the 

mass increase/s of the system/s as a result of hydroformylation. 

The internal standard may be added as an additional inert component. 

Alternatively, the mass increase in the system can be determined from GC 

analyses by theoretically calculating a "dilution factor" , f 

Dilution factors were calculated on the basis of the increase in mass of liquid 

initially in the reactor as a fraction of the mass of liquid at time t using the 

following equations: 

where t0 = time zero. 

Alternatively, 

where 

f(t) • 
Minternal std. t1 

Mlnterna/ std. t0 

f(t) • 1 - F(t) 
1 - F(O) 

F(t) • t ( Ml-'\j- MW,)~ 
i-1 MW, 

(2.1) 

(2.2) 

(2.3) 
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where n is the number of liquid species present in the reactor, Mi and MW i the 

mass fraction and the molecular weight of component "l' respectively which 

was produced from reactant olefin "r" with molecular weight MW, 

Internal standards were made use of in various runs whilst calculated dilution 

factors were used for the balance of the experiments. No significant differences 

in the calculated results were evident when using the "internal standard" or 

calculated "dilution factor" as a method to allow for an increase in mass of the 

reactor liquids. This is illustrated by means of a comparison in Appendix 4. 

The following formulae were used for calculating olefin content (corrected for 

peak masking) from exhaustive hydroformylation reactions, as well as for 

calculating conversions and selectivities. The corrected olefin mass fraction M,,t 

in the reactor at time t was calculated as follows: 

f, 
M -M -M -r,t r,t (maasured) r,t.,,, f. 

t •• 
(2.4) 

Where M,,tex was the contribution to the mass fraction of the peak which masked 

the olefin peak. This peak was exposed after exhaustive hydroformylation at 

time tex.• and was identified by GC-MS. 

The percent olefin conversion at time t was calculated using the following 

formula: 

100 ( 1 _ ( M,,t "·ol l 
Mr,t

0 
f, 

(2.5) 
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The reaction selectivitie$ to paraffins, aldehydes, alcohols and heavy 

oxygenates were calculated on the basis of moles of olefin converted. For 

example, the percent selectivity to component x at time t was calculated as 

follows: 

(2.6) 

The selectivity values for the various reactions were normalized to sum to 

100%. Typically, errors of between 0% and 12% were encountered. The average 

error was approximately 3%. Data points I samples giving rise to relatively 

large errors were discarded. A "selectivity fingerprint" was used to ascertain the 

validity of the experimental data as well as the identification and quantification 

of components in the feeds and products. 

Further confidence in the quantification and reliability of analyses is illustrated 

by way of examples in Appendices 5 and 6, which give results of a mass 

balance over a batch system, as well as the GC result of a "make-up" mixture 

of SLO and pure oxo alcohols derived from SLO olefins. 

2.3.2 Gases : GC Analysis 

Glass gas containing ampules (see Figure 2.6) were broken under vacuum by 

means of an ampule breaker designed specially for this purpose. The released 

gases passed into a sample loop system before being analyzed on a 

Chrompack, Model CP 900 Gas Chromatogram with peripheral adaptions for 

analysing gas from ampules. The GC was equipped with two Thermal 

Conductivity Detectors (TCD's) to enable simultaneous determination of H
2

, Ar, 

N2 , CO, CH4 and C02 gases. This is due to the fact that no commonly used 

carrier gas can facilitate simultaneous determination of these gases. H
2 

was 
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analyzed separately on one channel using Ar carrier gas after passing through 

a packed molsieve column. The balance of the above mentioned gases were 

analysed (CO was of interest in this study) on the. other TCD channel after 

passing through a packed carboxen column and using He as a carrier gas. A 

sample valve switching system ensured that the same syngas pressure was 

achieved at the head of the two columns. This simplified the quantification of the 

GC results. Calibration gas samples (see Figure 2.14) were run regularly, and 

the results used to determine the correction factors required for quantification 

of the GC analyses. 

The gas ampule techniques is very useful as it allows for more than one sample 

to be taken (ie. repeatability can be checked} and gas sample storage is 

facilitated. 

Table 2.4 · GC conditions for gas analysis. 

Temperature Program: 

Initial oven temperature 10°c 

Time at initial temperature · 7 minutes 

. Final temperature 210°C 

Time at final temperature zero 

Temperature ramp 30°C per minute 

Total analysis time 16 minutes 

Carrier gases He, Ar 

Detector TCD 

Injector temperature 250°C 

Detector temperature 150°C 
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Figure 2.14 A typical gas chromatogram of the TCD analysis of an ampule 
containing a mixture of the permanent gases. 
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2.3.3 Catalyst Analyses 

Not much emphasis was placed on this topic, since conversions, selectivities, 

product linearities and reaction kinetics were of primary importance. However, 

towards the end of the study it became evident that more detailed 

characterization of the actual catalyst complexes could have proven useful in 

explaining various observations. Various methods, as outlined below, were 

used from time to time for quantifying the catalyst metal and ligand components 

after hydroformylation. This however did not prove very useful, since removing 

the catalyst complexes from the reactor possibly resulted in their disintegration 

and/or oxidation. 
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2.3.3.1 Cobalt determinations 

A UV-VIS colorimetric method was used to determine the concentration of cobalt 

in the reactor contents from time to time to check for cobalt deposition or plating. 

Cobalt was extracted from the relevant samples with HCI solution to form a blue 

[CoCl4f complex using the following procedure: 

2ml of cobalt containing sample was mixed with 20ml of fuming HCI 

containing 6g per litre of SnCl2. 

Mixing took place in a separating funnel and was followed by separation 

of the organic and aqueous phases. This extraction procedure was 

repeated an additional three times. 

The blue acidic cobalt containing solution was made to 1 OOml in a 

volumetric flask. 

After filtering the contents, the absorbance of the solution was measured 

at 690nm on a UV-VIS spectrophotometer with a 1 cm path length quartz 

cell. 

The [Co] was determined by making use of a calibration curve of 

absorbance vs Co concentrations for standard cobalt solutions. 

Various Co determinations where also undertaken on "heterogeneous" catalyst 

particles. Soxhlet extraction was used to separate particles from the organic 

liquid. ICP, SEM/EDAX and wet chemical techniques were used to analyze and 

characterize the particles before and after hydroformylation. UV-VIS 

spectroscopy was used to measure for Co in solution as described above. 

2.3.3.2 Ligand analyses 

With the exception of EP and bis-PPB, the analysis of the TPP, TBP and TOP 

ligands and their corresponding oxides could be undertaken directly using the 

same GC conditions and column on which the product analyses were performed. 
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In hindsight again, insufficient care was probably taken during the sampling of 

reactor contents during this study, so that the degree of ligand oxidation - which 

was often observed with pure arid SLO feeds - could not be ascribed to 

oxidation in or outside the reactor. This was not considered important at the 

time, since it was shown fairly early on in the study that similar results for pure 

and SLO feeds were obtained in this regard. In addition, it was previously 

demonstrated by others (see Section 4.4.9.2), that the kinetics and selectivities 

are relatively insensitive to the P:Co molar ratio if this ratio is maintained above 

a value of around one for alkyl phosphine modified systems. However, on the 

continuous reactor system, these considerations were important, and the GC 

analyses were complimented by GC-Atomic Emission Detection (AED) analyses 

run in the phosphorous and oxygen modes. 

The use of Infra-Red (IR) techniques to characterize hydroformylation catalyst 

complexes, and specifically in-situ IR measurements [Mirbach et al., 1981] 

would prove useful in ascertaining the effect of reaction variables on the catalyst 

and ligand structures and possibly give insights into reaction mechanisms, and 

the effect of various additives. This is, on its own, is a subject for a detailed 

study. 



CHAPTER 3 

EVALUATION OF CATALYST SYSTEMS FOR 
HYDROFORMYLATION OF HTF-T PRODUCTS 
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3 EVALUATION OF CATALYST SYSTEMS FOR HYDROFORMYLATION 

OF HTF-T PRODUCTS 

3.1 INTRODUCTION 

3.1.1 Approaching the Problem: Selection of Catalyst Systems for Testing 

A number of exploratory phosphine modified rhodium and cobalt catalyzed 

hydroformylation experiments were performed. The aim was to achieve high 

selectivities to linear aldehydes and/or alcohols from 1 "."decene and various 

Synthol Light Oil (SLO) fractions, in order to test their suitability as · 

hydroformylation feeds. 

Under consideration were; feed - catalyst compatibility; the hydroformylation 

product ''fingerprint" (GC spectrum); as well as unwanted side reactions. For the 

exploratory experiments, C8 (purified), C9 and C10 portions of the HTF-T product 

spectrum were tested as feeds (see Section 3.1.2) for comparison with 1-

decene. 

Selection of reaction conditions 

Initial reaction conditions for these systems were selected using the information 

listed in Table 1.6 (see Section 1.3.3) as a guideline. For the "pure" 1-decene 

runs, n-octane was added in quantities similar to those expected to constitute 

non-olefinic components in the SLO fractions. Apart from acting as a diluent, the 

n-octane also served as an internal standard (see Section 2.2.1 ). 

Rh experiments 

TPP was selected as the only ligand for testing as it finds widespread 

application in the hydroformyiation of light olefins [Falbe, 1980]. Numerous 
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. reports on the use of TPPite (tri-phenylphosphite) for use with Rh also appear 

in the literature, but use of this ligand can give rise to olefin isomerization 

[Jongsma et al., 1991 ][Pruett and Smith, 1969]. Furthermore, it does not at 

present appear to be used in industrial processes. In addition, making use of 

large excess of TPP has been reported by Fell [1977] to facilitate virtually 

isomerization free hydroformylation. If one plots reaction rates against TPP 

concentration, the curves pass through a maximum and then remain constant at 

higher concentrations of TPP [Hjortkjaer, 1979][8rown and Wilkinson, 

1970][Sanger, 1977178]. Deshpande et al. [1993] confirmed this in a later study 

on the effects of various solvents in the Rh/TPP catalyzed hydroformylation of 

1-octene. Oswald et al. [1982, 1992] have undertaken an extensive series of 

experiments on the Rh/TPP catalyzed hydroformylation of 1-butene in which the 

effects of excess ligand, temperature and P co were studied. 

Co experiments 

Comils, in Falbe's review [1980], lists numerous ligands that have been reported 

suitable for use with Co. However, the use of phosphines is most widespread, 

and alkyl phosphines as patented by Shell [Slaugh and Mullineaux, 1966, 

1968, 1969] appear to be the only ligands used commercially with Co. Most of 

the literature concerning the use of phosphines with cobalt, refers to the use of 

linear alkyl phosphines, and specifically tri-n-butyl phosphine (TBP). It was 

therefore decided to undertake screening experiments with this ligand, and 

compare the results with TPP ligands (which may also be used with Co). These 

experiments were undertaken with a view to achieving high alcohol product 

linearities. The same approach was followed as with the Rh/TPP experiments 

discussed previously, namely, comparing the performance of the catalysts when 

using 1-decene and SLO, and using this as a measure of feed-catalyst 

compatibility. 
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3.1.2 SLO Feeds Evaluated 

A breakdown of the "broad" and "narrow" F-T fractions used as feeds in this 

chapter are listed in Table 3.1. These analyses may be taken as representative 

of the Cs. C9 and C10 feeds used in this chapter, but are not necessarily 

representative of actual Synthol product fractions. This is due to various 

components being concentrated up or down during distillative preparations of 

'the fractions. Azeotropic distillation with methanol was made use of in preparing 

the Cs fraction. 

Table 3.1. Typical analyses of broad and narrow SLO fractions as used in 

this Chapter: GC FID results.* 

SLO Fractions Tested 

Composition C10 broad C 10 narrow Cg narrow C8 narrow 

(by mass%) ( excl. methanol 

contribution) 

1-octene - - - 81.0 

C8 paraffins - - - 9.2 

Cg iso-olefins - - 5.1 

1-nonene 2.9 - 61.0 -
C9 paraffins 0.1 - 9.8 -

C 10 iso-olefins 19.7 3.3 - -
1-decene 37.3 70.0 - -

C 10 paraffins 11.6 3.3 - -
Aromatics 11.9 10.3 1.3 -

Oxygenates 8.3 12.3 - -
Balance of unidentified 8.3 0.8 18.3 9.8 

components. 

(Collectively termed SLO) 

Approximate olefin linearity(%) 65% 95% 92% >99% 

* Possible peak masking/overlapping is not taken into account 
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The effect ofrefractionating C10 F-T material so as to concentrate the linear a

olefin (in order to improve hydroformylation product linearity) is illustrated in 

Figure 3.1. This can be taken to represent a "cleanup" of the feed, in that the 

linear a-olefin concentration is increased. 

Figure 3.1 Effect of refractionating a "broad" C10 F-T fraction into a 
"narrow" fraction. 
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3.1.3 Theoretical Effect of Feed Refractionation on Product Linearities 

The hydroformylation product linearity attainable with a linear feed is in the 

region of 90% for Rh/Phosphine and 85% for Co/Phosphine catalysts (see Table 

1.6). Table 3.2 gives an estimation as to the extent of SLO cleanup (in terms of 

branched material removal) which would be required to produce products having 

various linearities. The table gives the theoretical values that may be obtained 

using phosphine modified Co and Rh (in brackets) catalysts. Parts of this table 

have been represented graphically in Figure 3.2. 

In order to compile the table, the following assumptions were made: 

(a) A "rough11 or "broad" SLO cut typically contains 36% linear a-olefin; 22% 

branched a-olefins and 2% internal olefins. 

(b) All the olefins become converted to hydroformylation products (ie; the 

olefins stand an equal probability of reacting). 

(c) Branched olefins yield only b(anched products. 

(d) Internal olefins yield only branched products with the phosphine 

modified Rh catalyst (as isomerization of the internal double bond is not 

common with these catalysts). 

( e) Internal olefins yield linear products with the same selectivity as does the 

linear a-olefin when using a phosphine modified Co catalyst 

(isomerization of the olefin double bond to form the linear a-olefin which 

undergoes hydroformylation does occur with these catalysts) 

From Table 3.2 and Figure 3.2 it is evident that theoretically, most of the 

branched material would have to be removed in order to yield a product with the 

desired linearity of ~80%. This would make preparation of these feeds for 

producing linear hydroformylation products more costly. However, it may be 

possible to manipulate the reaction chemistry. Wender et al. [1956] have shown 

that in conventional Co systems, the respective reaction rates of 2-methyl 1-
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pentene and 4-methyl 1-pentene are ± 88% and 3% slower than the rate for 1-

hexene. If one considers Figure 3.1 (and compares it to Figure 2.11 ), it 

appears that the methyl branched a-olefins having branches closer to the olefin 

double bond and linear a-olefins are concentrated up at the expense of the 

other branched olefins. If 2 methyl a-olefins (and possibly 3- methyl a-olefins) 

are less reactive using an unmodified catalyst, these molecules should be even 

less reactive in a modified system due the electronic and steric factors already 

discussed. This possibility could be exploited in order to improve product 

Ii neariti es. 

Figure 3.2 Theoretical product % linearities versus % of branched olefin 
removal from SLO at various selectivities to linear products 
(Phosphine modified Co catalysed). 
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Table 3.2. Theoretical product linearities resulting from various degrees of 

branched olefin removal from SLO: Phosphine modified Co and 

(Rh) catalysts. 

Selectivity to 

linear products 

-----
Degree of 

branched SLO ofefins 

material distribution I 

removal l 

0% (1) 36 

(2) 22 

(3) 2 

50% (1) 36 

(2) 11 

(3) 2 

60% (1) 36 

(2) 9 

(3) 2 

70% (1) 36 

(2) 7 

(3) 2 

80% (1) 36 

(2) 4 

(3) 2 

90% (1) 36 

(2) 2 

(3) 2 

100% (1) 36 

(2) 0 

(3) 2 

(1) Denotes % linear a-olefin 

(2) Denotes % branched a-olefin 

(3) Denotes % linear internal olefin 

50% 

. 

32 

(30) 

39 

(37) 

41 

(39) 

43 

(40) 

45 

(43) 

47 

(45) 

50 

(47) 

. 60% 70% 80% 90% 100% 

Overall hydroformylation product linearity 

38 44 51 57 63 

(36) (42) (48) (54) (60) 

47 54 62 70 78 

(44) (51) (59) (66) (74) 

49 57 65 73 81 

(46) (54) (62) (69) (77) 

51 60 68 77 85 

(48) (57) (65) (73) (81) 

54 63 72 81 90 

(51) (59) (68) (76) (85) 

57 66 76 85 . 95 

(54) (63) (72) (81) (90) 

60 70 80 90 100 

(57) (66) (76) (85) (95) 
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3.2 SCREENING EXPERIMENTS UNDERTAKEN (GENERAL) 

Experiments were undertaken with phosphine modified Rh and Co catalysts as 

indicated in Tables 3.3.1 and 3.4.1. In addition, a number of "heterogenous" 

screening experiments were also undertaken as described in Table 3.5.1. 

The general experimental procedures as explained in Chapter 2 were followed, 

whereby the runs were terminated (or re-pressurized and continued) once the 

pressure drop in the batch reactors ceased. It should be emphasized that these 

were screening tests. a complication being that the pressure dropped during the 

course of the runs due to syngas consumption. This makes accurate 

comparisons between the runs difficult. An additional complication is that 

sometimes more than one variable was changed in an attempt to arrive at a 

result (for example high conversion). Many of the results with pure feeds do 

not contribute anything "new'' and merely confirm results already reported in the 

literature. However, these results are included in this study as they do shed 

some light on SLO versus 1-decene hydroformylation. 

In order to present the experimental data and results in the least cumbersome 

manner, the following format has been chosen: For each catalyst system; tables 

of the experiments,,, will precede tables summarizing the results which will be 

followed by a short discussion. Mini-tables containing various information are 

included in the discussion to facilitate easier comparisons and assist the reader. 

A general conclusion comparing the various systems is included at the end of 

the chapter. 
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3.3 SCREENING EXPERIMENTS WITH Rh/TPP CATALYSTS. 

3.3.1 Rh/TPP Experiments 

Table 3.3.1 Screening experiments with Rh/TPP catalysts. 

Run Metal (RhJ Rh/olefin M:L • Feed composition 
Precursor g/100 (mass%) Molar (volume/volume) 

ml feed ratio 

1 Rh(02C5H7), 0.024 0.100 1/10 n-octane/1-decene = 3 

2 Rh(02C5H7)i 0.024 0.100 11100 n-octane/1-decene = 3 

3.1 Rh(02C5H7)l 0.038 0.100 11100 n-octane/1-decene = 2 

3.2 Continuation of run 3.1 using 25 bar constant pressure of syngas 

4.1 Rh(02C5H7), 0.038 0.100 11100 n-octane/1-dec:ene = 1 

4.2 Continuation of run 4.1 using 25 bar constant pressure of syngas 

5.1 Rh(02C5H,h 0.038 0.100 1/100 n-octane/1-decene = 2 

5.2 Continuation of run 5.1; repressurizing to 25 bar 

5.3 Continuation of run 5.2 using 25 bar constant pressure of syngas 

6.1 Rh(02C5H,), 0.038 0.100 11100 n-octane/1-decene = 2 

6.2 Continuation of run 6.1 using 25 bar constant pressure of syngas 

7 HCORh(P(C6H,J,), 0.017 0.025 1/200 n-octane/1-decene "' 1 

8 {Rh(02C2H,).J2 0.035 0.050 11100 n-octane/1-decene = 1 

9 Rh(02C5H7h 0.07 0.100 1/100 n-octane/1-decene = 1 

10 ((C6Ho}3P)3RhCl 0.07 0.100 1/100 n-octane/1-decene = 1 

11 Rh(02C5H7) 3 0.056 0.156 1110 SLO C10 fraction 

12.1 Rh(02C5H7h 0.026 0.100 11100 SLO C10 fraction 

12.2 Continuation of run 12.1 using 25 bar constant pressure of syngas 

12.3 Continuation of run 12.2 using 12o·c 

12.4 Continuation of run 12.3 using 35 bar constant pressure of syngas 

13 HCORh(P(C6Ho),h 0.017 0.025 11200 SLO C10 fraction 

14 (Rh(02C,H,).J2 0.027 0.040 11100 SLO c, narrow fraction 
(150ml) + 50ml octane 

15 [Rh(02C2H,).J2 0.015 0.080 1/100 100ml SLO C0 narrow 
fraction (33%) + 
methanol (67%) 

16 [Rh(02C2H3).J2 0.027 0.040 11100 150 ml C,. narrow 
fraction +50ml octane 

" M:L denotes Metal: Ligand 
*" Pi denotes initial pressure 

Temp 
·c 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

120 

120 

100 

80 

90 

90 

H2:CO 
Molar 
ratio 

1 

1 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

1 

2 

2 

2 

2 

2 

2 

2 

2 
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pj- Time 
barw (hours) 

25- 5.3 

25.,._ 5.3 

25.,._ 6.6 

25,_, 24 

25.,., 5.3 

25,...., 15 

25.,.. 4 

25 .... 4.5 

25,_ 15 

25- 5 

25,..., 15 

25.,._ 1.5 

25.,., 1.5 

25 .... 12.3 

25,,,., 15 

25lntl. 3.3 

25, .... 7.7 

25., .... 7.7 

25, .... 6 

35,ona 15 

25...,, 1.5 

25 .... 4.1 

25,,,. 5 

251n •. 8 

Note: Continuation of various runs was undertaken by repressurizing the reactor. This was done so as to 
increase the conversions. and in some cases to ascertain the effect of changing reaction conditions. 

Reactor 

1 litre 

1 litre 

1 litre 

1 litre 

450ml 

450ml 

450ml 

450ml 

450ml 

450ml 

450ml 

1 litre 

1 litre 

1 litre 

1 litre 

1 litre 

450ml 

450ml 

450ml 

450ml 

450ml 

1 litre 

1 litre 

1 litre 
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3.3.2 Results of Rh/TPP Screening Experiments 

Table 3.3.2 Results of Rh/TPP catalyst screening experiments. 

EJ %1in. a-ole %Sel. to int. %Sel. to %Sel. to %Sal.to %Set to %Product %Overall 
conversion olefin paraffin aldehyde alcohol HOF linearity. product 

From linearity. 
lina-ole. (aldehyde) 

1 100 5.2 0.5 94 0 (tr) I o (tr) 74.5 74.5 

2 63.3 6.2 0.7 93 0 (tr) 0 (tr) 83.5 83.5 

3.1 29.3 16.3 4.1 80 0 (tr) 0 (tr) 92.3 92.3 

3.2 98.9 8.3 2.1 90 0 (tr) 0 (tr) 86.5 86.5 

4.1 34.8 9.3 4.1 87 0 (tr) 0 (tr) 90.9 90.9 

4.2 94.6 6.9 2.4 91 0 (Ir) 0 (tr) 89.3 89.4 

5.1 30 10.3 3 86 0 (tr) 0 (tr) 91.7 91.7 

5.2 71.8 8.9 2.3 88 0 (tr) 0 (Ir) 91.7 91.7 

5.3 95.6 9 2.6 88 0 (tr) 0 (tr) 87.2 87.2 

6.1 38.4 18.5 5.5 76 0 (tr) 0 (tr) 91.2 91.2 

6.2 97.7 10.4 6.8 83 0 (tr) 0 (Ir) 88.7 88.7 

7 99.2 32.6 6.6 60 0 (tr) 0 (tr) 88.5 88.5 

8 92.8 32.7 17.9 52 0 (tr) 0 (tr) 90.4 90.4 

9 90.2 2.7 2 94 0 (tr) 0 (tr) 85 85 

10 95.6 2.9 2.2 95 0 (tr) 0 (tr) 85 85 

11 97.2 9.7 1.7 89 0 (Ir) 0 (tr) 64.5 41.1 

12.1 14.7 2.3 1.4 96 0 (tr) 0 (tr) 79.3 62.8 

12.2 29.4 1.4 1.4 97 0 (tr) 0 (tr) 76.1 55.5 

12.3 41.3 2.5 2.3 95 0 (tr) 0 (tr) 75 56.4 

12.4 68.7 4.6 8.3 87 0 (tr) 0 (tr) 63.4 46.2 

13 97.8 4.1 7.2 89 0 (tr.) 0 (tr.) ·76.9 54.1 

14 93.2 0 (tr.) 2.8 97 0 (tr.) 0 (tr.) 80.6 4.1 

15 99.2 0 (tr.) 1.7 92 0 (tr) 3.8 87.6 84.4 

16 97.6 17.5 14.5 66 0 (tr) O (tr) 88.9 83 
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3.3.3 Discussion of Results: Rh/TPP Screening 

3.3.3.1 Rh/TPP Testing: 1-Decene Feeds 

The Ligand to Metal Ratio 

Table 3.3.3 Testing of 1-decene with Rh/TPP: Effect of TPP/Rh molar ratio. 

1 21 
Feed (volume I volume) 50ml 1-Decene / 150ml n-octane 50ml 1-Decene I 150ml n-octane 

Pressure {bar (g)) 25 bar (initial) 25 bar {initial) 

grams Rh/1 OOml of feed 0.0244 0.0244 

TPP:Rh molar ratio 10 

H2:CO 1:1 

% 1-decene conversion 100 

% Linearity of aldehyde 74.5 

products 

% n-Decane selectivity 0.5 

% Internal olefin selectivity 5.2 

% Aldehyde selectivity 94 

% Alcohol selectivity - {tr.} 

% HOF selectivity - (tr.) 

A comparison of runs 1 and 2 shows the effect of increasing the TPP:Rh ratio 

from 1 O to 100 with the 1-decene feed. The 1-decene conversion decreased 

from 100% to 63% whilst the product linearity increased from 75% to 84%. 

Increasing the ligand/metal ratio therefore lowers the catalyst activity and 

increases the selectivity to linear aldehydes and this is consistent with reports 

in the literature [Oswald et al., 1982, 1992]. 

The paraffin selectivities remained at less than 1 %, thereby indicating that the 

hydrogenation activities of these systems is negligible, regardless of the 

ligand/metal ratios used. Small amounts of branched olefins in the 1-decene 

feed of around 1. 5% by weight, were shown to be "inert" as their concentrations 

100 

1 :1 

63.3 

83.5 

0.7 

6.2 

93 

- {tr.) 

- (tr.) 
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did not vary significantly, even at the high conversions attained in run 1. Apart 

from the expected two C11 aldehyde peaks, two additional peaks appeared in the 

C10 portion of the GC trace of the reactor contents after hydroformylation. Since 

these peaks (contributing approximately 4% by mass of the reactor contents) do 

not arise from the branched olefins in the feed and are not n-decane, they most 

probably result from 1-decene, and by default were assigned to linear internal 

decene isomers. The appearance of these two peaks was however a consistent 

observation for the subsequent 1-deceneloctane experiments. The presence of 

no additional C11 aldehyde isomers in the product would appear to indicate that 

these decene isomers are unreactive for hydroformylation. Figure 3.3 shows a 

·typical gas chromatogram of these systems. An examination of Table 3.3.3 

indicates that this 11 isomerization activity" appears to . be unaffected by the 

ligand/metal ratio. Reports in the literature on this "isomerization activity" are in 

evidence [Mieczynska et al., 1992][Trzeciak, et al., 1988, 1990, 1993, 1995]. 

However, the work undertaken by Trzeciak et al. employed L:M ratios of ::;13, 

which are significantly lower than the ratios of around 100 used in this study. 

This isomerization of terminal olefins (the work was reported on 1-hexene feeds) 

is said to diminish hydroformylation reaction selectivity and is regarded as an 

undesirable side reaction. These "isomerization" reports contradict others 

[Falbe, 1980][Bumham-Tinker and Morris, 1977][Rogier, 1980] which state that 

little or no isomerization should occur. On consideration of subsequent Tables 

3.3.4 - 3.3.6, it is evident from the high internal olefin selectivities ( 33% for runs 

7 and 8), that isomerization did occur. 
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Figure 3.3 GC trace of RhfrPP catalyzed hydroformylation of 1-decene: 
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Runs 3 - 6 were undertaken under the same starting conditions. 

Table 3.3.4a Results of runs undertaken under the same starting 
conditions: 1-decene RhfrPP systems. 

I Run 3.1 I 4.1 I 5.1 6.1 

Initial syngas H2:CO 2:1 2:1 2:1 2:1 
Reactor 1 litre 450ml 450ml 450ml 
Reaction time (hours) 6.6 5.3 4.0 5.0 
[Rh] g/1 OOml of feed 0.038 0.038 0.038 0.038 

% 1-Decene conversion · 29.3 34.8 30.0 38.4 

% Linearity of aldehyde 92.3 90.9 91.7 91.2 
products 

% n-Decane selectivity 4.1 4.1 3.0 5.5 
% Internal olefin selectivity 16.3 9.3 10.3 18.5 
% Aldehyde selectivity 80 87 86 76 
% Alcohol selectivity - (tr.) - (tr.) - (tr.) - (tr.) 
% HOF selectivity - (tr.) - (tr.) - (tr.) - (tr.) 
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The results in Table 3.3.4a and Table 3.3.5 appear to indicate that the reactions 

in the smaller stirred micro-reactor were somewhat faster. A comparison of the 

final conversions, selectivities and linearities.of runs 3.2 to 6.2 (in Table 3.3.5}, 

indicates that the results are similar. This notwithstanding the fact that runs 3.1 

and 3.2 were undertaken in the larger 1 litre reactor which makes use of a 

vertical plunger mixing mechanism compared with the gas entrainment impeller 

used for the other runs. A comparison of the results before applying constant 

pressure as means of checking reproducibility would not be meaningful due to 

the different reaction times used. However, selectivities for both reactors were 

similar at similar conversions. 

Syngas composition 

Table 3.3.4b Effect of syngas composition: 1-decene Rh/TPP systems. 

Initial syngas H2:CO 1 :1 2:1 

Reactor 1 litre 1 litre 

Reaction time (hours) 5.3 6.6 

grams Rh /1 OOml of feed 0.024 0.038 

%1-Decene conversion 63.3 29.3 

% Linearity of aldehyde 83.5 92.3 

products 

% n-Decane selectivity 0.7 4.1 

% Internal olefin selectivity 6.2 16.3 

% Aldehyde selectivity 93 80 

% Alcohol selectivity -(tr.) - (tr.) 

% HOF selectivity - {tr.) - (tr.) 

On doubling the H2:CO ratio from 1 to 2 (see Table 3.3.4b}, an increase in the 
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aldehyde linearity from 84% to 92% was observed. There was also a decrease 

in the 1-decene conversion from 63% to 29%. This was . observed 

notwithstanding the higher catalyst concentration used in the 2:1 H2:CO runs. 

Doubling the H2:CO ratio increased the hydrogenation activity. This is evidenced 

by the higher paraffin selectivities of 4.1 % compared with 0.7% for run 2 in Table 

3.3.4.b. 

lsomerization to the internal olefins appeared to be enhanced by increasing the 

H2: CO ratio. 

Syngas Pressure 

Table 3.3.5 Effect of overall syngas pressure on RhfTPP catalyzed 

hydroformylation in batch reactors. 

3.2 I 4.1 6.1 

Reactor 1 litre 450ml 450 ml 

Initial syngas H2:CO ratio 2:1 2:1 2:1 

Pressure (bar): 25 inlt 25 const 25 in~ 25 const 25 iM 25 const. 

("Low") ("High") ("Low") ("High") ("Low") ("High") 

Cumulative reaction time 6.6 24 5.3 15 5.0 15 

(hours) 
. 

% 1-Decene conversion 29.3 98.9 34.8 94.6 38.4 97.7 

. 
% Linearity of aldehyde 92.3 86.5 90.9 89.3 91.2 88.8 

products 

% n-Decane selectivity 4.1 2.1 4.1 2.4 5.5 6.8 

% Internal olefin selectivity 16.3 8.3 9.3 6.9 18.5 10.4 

% Aldehyde selectivity 80 90 87 91 76 83 

% Alcohol selectivity - (tr.) - (tr.) - (tr.) · - {tr.) - {tr.) - {tr.) 

% HOF selectivity - {tr.) - {tr.) - (tr.) - (tr.) - {tr.) - (tr.) 
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Bearing in mind that runs were considered "over" once the pressure drop 

ceased, it is tempting to claim that conversion was increased by running the 

reactors at a higher overall pressure of syngas notwithstanding the longer 

reaction times used. (See Table 3.3.5). The higher conversions resulted in 

lowering of the C11 aldehyde product linearity by around 4%. Overall high 

pressures therefore suppress the reaction selectivity to linear products, and 

increase olefin conversions, and this is in agreement with literature reports 

[Oswald et al., 1982, 1992]. Better linearity and conversion could presumably be 

obtained by using lower pressures and longer reaction times. 

Various data from runs 3 to 6 are plotted in Figure 3.4. Although runs 3. 1 and 

3.2 were performed on a different reactor, data for this experiment is included. 

Figure 3.4 Plot of% conversion versus% product linearity: RhffPP with a 1-

decene feed and H2:CO = 2; (Runs 3 to 6). 

% 1-decene conversion 

100 r• 
! .• -- .. • 
~-------:......:------·-

80 

60 

40 

Batch runs (lower overall pressure) 

"Constant • pressure runs 
(higher average pressure) 

r-;---~,~-~-1 
; • ····•! ·------· .. 

20---~----~~-'------~'--~--'-~~-'------'~~-' 
86 87 88 89 90 91 92 93 

% linearity of aldehyde product 

The "grouping" of data points in Figure 3.4 illustrates that higher olefin 

conversions correspond with lower product linearities. Because of the syngas 

pressure variations, there is too much scatter in the data points to ascertain if 

a linear relationship exists between linearity and conversion. This trend of lower 
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linearities being associated with higher conversions (with the same catalyst) is 

consistent throughout this study. 

Effect of Rh Precursor Salts on Hydroformylation of 1-decene 

Runs 7 to 1 O were undertaken to investigate the effect of the Rh precursor salt 

composition. The following alternative Rh precursors were tested using a pure 

1-decene feed: 

1. HCORh(P(C6Hshh 

2. [Rh(02C2H3hh 
3. Rh(02CsH1h 

4. ((C6H5)JP)JRhCI 

Table 3.3.6 Testing of 1-decene with RhfrPP: Effect of Rh precursor. 

8 I 9 I 
Rh precursor HRhCO(P(C,H,),). [Rh(O,C,H,),]2 Rh(O,C,H,), ((C,H,),P),RhCI 

Salt number 1 2 3 4 

Reactor 1 litre 1 litre 1 litre 1 litre 

grams Rh per 1 OOml of feed 0.0174 0.0348 0.0696 0.0696 

grams Rh per gram olefin (%) 0.025 0.050 0.100 0.100 

TPP/Rh molar ratio 100 100 100 100 

H2:CO 2:1 2:1 2:1 2:1 

Reaction time (hours) 1.5 1.5 12.3 15 

% 1-Decene conversion 99.2 92.8 90.2 95.6 

% of aldehyde products linear 88.5 90.4 85.0 85.0 

% n-Decane selectivity 6.6 17.9 2.0 2.2 

% Internal olefin selectivity 32.6 32.7 2.7 2.9 

% Aldehyde selectivity 60 52 94 95 

% Alcohol selectivity - (tr.) - (tr.) - (tr.) - (tr.) 

% HOF selectivity - (tr.) - (tr.) - (tr.) - (tr.) 
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The time taken for the reactor pressure to fall (and subsequently remain 

approximately constant) is markedly different for salts 1 and 2 compared with 

salts 3 and 4. Given the short reaction times and lower catalyst concentrations 

for salts 1 and 2 it appears that they are more active than salts 3 and 4. 

Hydrogenation and isomerization activities are higher for the "active" precursor 

systems which gave rise to higher a-olefin "losses". It would have been useful 

to continue the runs with salts 1 and 2 to monitor the behaviour of the internal 

olefins by using longer reaction times so as to ascertain if the aldehyde yields 

would have improved. 

Although no specific precursor can be recommended given the above data, it 

may nevertheless be prudent to more systematically investigate the role of 

precursors if one was to undertake a detailed study of RhfTPP catalyzed 

hydroformylation. This is subsequently confirmed in Table 3.3.8 of Section 

3.3.3.2 where different acitivities are evident between the Rh(02C5H7h and 

HRhCO(P(C6H5hh "precursors". 

3.3.3.2 Rh/TPP Testing: "Broad" SLO C10 Fraction 

Runs 11 , 12 and 13 were undertaken with a C10 SLO fraction (described in 

Table 3.1) and demonstrate the effects of using different ligand: metal and H2:CO 

ratios, temperature, pressure and Rh precursors. The effects of the additional 

components in the SLO on reaction selectivities and conversions are discussed. 

Results with a Ligand: Metal molar ratio of 10 

A SLO C10 fraction (run 11) was tested and the results compared to those 

obtained with a pure 1-decene feed (run 1 ). 

The linear a-olefin product linearities or 1-decene product linearities were 
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calculated using equation (3.1 ). 

(linear a-olefin product linearity) • (mass% linear aldehyde) x 100 % 
(mass%2-methyl aldehyde).(mass%1inearaldehyde) (3.1) 

Equation (3.1) gives an indication of the selectivity of the catalyst system for 

linear products. More specifically, it measures the extent to which pathway in 

Figure 1. 15 is preferred. 

Table 3.3.7 Testing of SLO C10 material and 1-decene with TPP:Rh molar ratio 

of 10. 

11 

Feed SLO C10 fraction 50ml 1-decene / 150ml n-

octane 
Pressure (bar (g)) 25 bar (initial) 25 bar (initial) 

grams Rh/1 OOml of liquid feed 0.0555 0.0244 

TPP/Rh molar ratio 10 10 
H2:CO 1:1 1:1 

Reaction time (hours) 3.3 5.3 

%1-Decene conversion 97.2 100 

1-Decene products % linear 64.5 74.5 

Overall aldehyd~s % linear 41.5 74.5 

% n-Decane selectivity 1.7 0.5 

% Internal olefin selectivity 9.7 5.2 

% Aldehyde selectivity 89 94 

% Alcohol selectivity - (tr.) - (tr.) 

% HOF selectivity - (tr.) - (tr.) 

The aldehyde product linearities from 1-decene were measured as 65% and 

75% for the SLO and 1-decene feeds respectively. The linearity results 

correspond to normal:iso (n:i) ratios of 1.9 and 3. These values are 

unsatisfactory and were presumably due to the relatively "low" TPP:Rh molar 
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ratio of 1 O that was employed. The lower n: i ratio of the 1-decene 

hydroformylation product obtained with SLO may possibly be attributed to the 

higher catalyst concentration that was used. However, comparing runs 4.1 and 

12.1 in Table 3.3.8, indicates that SLO gave rise to a slower reaction rate, but 

still yielded a lower linearity. The lower linearity for run 11 may therefore be due 

to "SLO" and not only due to a faster reaction rate. 

A GC trace of the SLO products as shown in Figure 3.5 indicates the presence 

of mono and corresponding di-methyl aldehydes, consistent with the expected 

olefin distribution in the feed. The a:~ addition ratios (see Figure 1.15) of the 

different a-olefins are similar to the 1-decene n:i ratio, thereby indicating that 

the mono-methyl a-olefins had similar a:~ addition preferences to the linear a

olefin. 

Figure 3.5 GC trace of reaction products: Run 11, illustrating aldehyde 
product pairs. 
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Testing of the C10 SLO Fraction Under Conditions giving High Linearities with 

a 1-Decene Feed 

Run 12.1 was undertaken using similar conditions that gave rise to product 

linearities in the region of 90% with 1-decene feeds (for example run 4.1 in 

Table 3.3.8). Notwithstanding a 30% lower catalyst concentration in run 12.1, 

the SLO yielded a lower selectivity to linear products (79% against 90% for the 

1-decene), with the 1-decene conversion approximately halved to 15%. It hence 

appears that components in the SLO possibly appeared to exert a negative 

influence on performance of the system under investigation. 

Table 3.3.8 Testing of the C10 SLO fraction under conditions giving high 
linearities with a 1-decene feed. 

I Run 4.1 I 12.1 

Feed 1-decene/ SLO C10 1-decene/ SLO C10 

octane • fraction octane fraction 

Rh precursor Rh(02C5H7h Rh(02C5H1)3 
HRhCO(P(C6H5h)3 HRhCO(P(C6H5hh 

Initial Pressure {bar {g)) 25 25 25 25 

Temperature {°C) 100 100 100 100 

grams Rh/1 OOml of feed 0.0382 0.0259 0.0174 0.0174 

g Rh I g olefin (mass%) 0.100 0.100 0.025 0.025 

TPP:Rh molar ratio 100 100 100 100 

Initial H2:CO ratio 2:1 2:1 2:1 2:1 

Reaction Time (hours) 5.3 7.7 1.5 1.5 

% Total decene conversion 34.8 14.7 99.2 97.8 

1-Decene products % linear 90.9 79.3 88.5 76.9 

Overall aldehydes % linear 90.9 62.8 88.5 54.1 

% n-Decane selectivity 4.1 1.4 6.6 7.2 

% Internal olefin selectivity 9.3 2.3 32.6 4.1 

% Aldehyde selectivity 87 96 60 89 

% Alcohol selectivity - (tr.) - (tr.) - (tr.) - (tr.) 

% HOF selectivity - (tr.) - (tr.) - (tr.) - (tr.) 

% Decene converted to I 30.3 14.1 59.5 87.0 
aldehydes 
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On comparing runs 12.1 and 13 (see Table 3.3.8) the effect of the catalyst 

precursor is evident. Despite a lower Rh concentration. a higher 

hydroformylation activity was obtained with the HRhCO(P(C6H5}J)3 "precursor" 

compared to Rh(02C5H7h in SLO. A comparison of runs 7 and 13 indicate that 

the SLO medium does not adversely effect the catalyst activity when the 

HRhCO(P(C6H5hh complex is used as the catalyst. In run 13, the 

hydroformylation activity was higher than that obtained using a "pure" 1-decene 

feed as in reaction 7. However, the 1-decene product linearity for SLO of 77% 

is considerably lower than the 89% measured for run 7. 

Table 3.3.9 Runs undertaken with C10 SLO in which conditions were changed 

to increase conversions: Rh/TPP catalysts. 

12.1 I 12.2 I 12.3 I 
Precursor Rh(02C5H7}J 

Notes: Runs are continuation of each other: ie, 12.2 is a continuation 

of 12.1 etc. 

Pressure (bar (g)) 25 initial 25 constant 25 constant 35 constant 

Temperature (°C) 100 100 120 120 

Reaction time (hours) 7.7 7.7 6.0 15 

% 1-Decene conversion 14.7 29.4 41.3 68.7 

1-Decene products% linear 79.3 76.1 75 63.4 

Overall aldehydes % linear 62.8 55.5 56.4 46.2 

% n-Decane selectivity 1.4 1.4 2.3 8.3 

% Internal olefin selectivity 2.3 1.4 2.5 4.6 

% Aldehyde selectivity 88 96 97 95 

% Alcohol selectivity - (tr.) - (tr.) - {tr.) - (tr.) 

% HOF selectivity - (tr.) - (tr.) - (tr.) - (tr.) 

In an attempt to increase the olefin conversion, and also to check if the catalyst 

had deactivated, run 12.1 was extended (see Table 3.3.9). Run 12.2 was 

performed at a constant pressure of 25 bar, which resulted in an increase in the 
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1-decene conversion from 15% to 29% and decreasing the 1-decene product 

linearity from 79% to 76%. These trends are similar to those observed with the 

1-decene feed. Namely, that higher conversions correspond with lower product 

linearities. 

In order to further increase the conversion, the reaction temperature was 

increased from 100°C to 120°C in run 12.3 and the pressure increased further 

to 35 bar in run 12.4. Even under these conditions, the respective linear a-olefin 

conversion and product linearity was 69% and 63%, indicating an inactive 

catalyst. 

Given the consistently low amounts of unwanted by-products obtained with the 

SLO experiments as demonstrated in Tables 3.3.8 and 3.3.9 (only traces of a 

Heavy Oxo Fraction - (HOF)), and the promising result obtained with run 13 

(high hydroformylation activity in SLO with the HRhCO(P{C6H5)3h "precursor"), 

the possibility of excluding.or avoiding processes for the removal of oxygenates 

and aromatics in order to prepare a suitable hydroformylation feedstock 

appeared to be a real one. This could be achieved by distillation and 

refractionation procedures only. As a follow-up, narrow SLO fractions were 

tested as feeds. 

3.3.3.3 Rh/TPP Testing: "Narrow" SLO Fractions 

Runs 14, 15 and 16 were undertaken with Ca, C9 and C 10 narrow S LO fractions 

respectively. 

A purified Ca fraction was tested in a methanol solvent (65% by mass). The 1-

octene in the SLO portion was 81 % by mass. The C9 and C10 cuts were prepared 

by refractionation to yield linear a-olefin concentrations of 61 % and 70% 

respectively (see Table 3.1 ). 
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Table 3.3.10 Summary of SLO narrow fraction results: Rh/TPP· catalysts. 

Cnumber of "narrow" SLO fraction Ca Cg C10 

Reactor 1 litre 1 litre 1 litre 

Pressure (bar (g)) 25 initial 25 initial 25 initial 

Temperature (°C) 80 90 90 

grams Rh/1 OOml of feed 0.027 O.Q15 0.027 

grams Rh/ grams olefin (mass%) 0.040 0.080 0.040 

Rh precursor [Rh(02C 2H3):..Ji [Rh(02C 2H3}:z]2 [Rh(02C 2H3)i]2 

TPP:Rh molar ratio 100:1 100:1 100:1 

Reaction time (hours) 4.1 5.0 8.0 

% 1-0lefin conversion 93.2 99.2 97.6 

1-0lefin products % linear 80.6 87.6 88.9 

Overall aldehydes % linear 80.6 84.4 83.0 

% n-Paraffin selectivity 2.8 1.7 14.5 

% Internal olefin selectivity 0 (tr.) 0 (tr.) 17.5 

% Aldehyde selectivity 97 92 66 

% Alcohol selectivity 0 (tr.) 0 (tr.) 0 (tr.) 

% HOF selectivity 0 {tr.) 0 {tr.) 0 (tr.) 

For each of the reactions (in Table 3.3.10), only two main hydroformylation 

products were observed. These were the 2-methyl and linear aldehydes which 

are derived from the linear a-olefin in the feed. Small amounts of branched 

aldehyde products (from iso-olefins) were also present, but their combined 

concentration (of the hydroformylation products) was between 3% and 6%. The 

appearance of the two main product peaks (2 methyl decanal and 1-undecanal) 

for the narrow fractions tested is demonstrated in Figure 3.6. The result implies 

that the refractionation procedure removed most of the reactive branched 

olefins. 
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Figure 3.6 GC trace of reaction products: C10 SLO narrow fraction 
illustrating two main products (from 1-decene). 
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The reasons for the higher paraffin and internal olefin selectivities and resultant 

lower aldehyde selectivity observed with the C10 fraction were unclear. 

Overall product linearities of >80% were achi~ved with all three SLO narrow 

fractions. This result was viewed as being encouraging since it indicated that 

preparation of narrow SLO cuts by refractionation alone can give rise to 

feedstocks which yield hydroformylation products which are ~ 80% linear. For 

synthetic higher alcohols these values are considered to be highly acceptable. 
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3.4 SCREENING EXPERIMENTS WITH Co/PHOSPHINE CATALYSTS 

3.4.1 Co/Phosphine Experiments 

Table 3.4.1 Screening experiments undertaken with Co; TPP and TBP ligands. 

[J Ligand (Col) Co/Ole. L:M Feed composition Temp H,:CO Pi Time Reactor 

g/100ml %by Molar (volume/volume) ·c Molar bar Hours 

mass ratio ratio 

17 TPP 0.0852 0.32 5 111 n-octane/1-decene 200 1 100.,,., 3.4 1 litre 

18 TPP 0.1326 0.50 5 111 n-octane/1-decene 200 1 100,.,., 2.6 1 litre 

19 TPP 0.0852 0.50 10 1 /1 /1 (n-octane)/{butyl 200 1 100..... 8 1 litre 

ether)/(1-decene) 

20 TPP 0.1739 0.50 10 111 n-octane/1-decene 200 1 100.,.. 6.5 450ml 

21.1 TPP 0.1739 0.50 10 111 n-octane/1-decene 200 2 100.,,., 2 450ml 

21.2 Continuation of run 21.1; repressurized to 100 bar after 2 hours 1001n1. 8.8 450ml 

22.1 TPP 0.1739 0.50 10 111 n-octane/1-decene 150 2 so,,,., 3 450ml 

22.2 Continuation of run 22.1; repressuri.Zed to 50 bar and kept constant so,.nsi 4.5 450ml 

22.3 Continuation of run 22.2: 175 2 30.,., 15 450ml 

Temp. increased to 175'C, and depressurized to 30 bar 

22.4 Continuation of run 22.3; repressurized to 65 bar and kept constant 175 2 65, ...... 6 450ml 

22.5 Continuation of run 22.4: 200 2 100,., 3 450ml 

Temp. increased to 200'C. and pressurized to 100 bar 

23 TBP 0.1739 0.50 5 111 n-octane/1-decene 200 2 98,,,., 3.7 450mt 

24 TBP 0.1258 0.50 5 SLO C 10 fraction 200 2 99,.,., 3.7 450ml 

25.1 TBP 0.1258 0.50 5 SLO C10 fraction 150 2 70,.,., 10.8 450ml 

25.2 Continuation of run 25. 1; repressurized to 70 bar and kept constant 150 2 70,,,., 3 450ml 

26.1 TBP 0.1665 0.50 5 3/1 (SLO C, narrow 200 2 100lnll. 5 450ml 

fraction)/(n-octane) 

26.2 Continuation of run 26.1; depressurized to 70 bar and kept constant, 150 2 70,,,,., 5 450ml 

temperature decreased to 150'C 

27.1 TBP 0.1665 0.50 5 311 (SLO C, narrow 150 2 70..,, 5 450ml 

fraction)l(n-octane) 

27.2 Continuation of run 27.1: repressurized to 70 bar and kept constant 70,ond 3 450ml 

Metal precursor: Co(OOCCH3) 2.4Hz0 
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The results are summarized in Table 3.4.2. 

3.4.2 Results of Co/Phosphine Screening Experiments 

Table 3.4.2 Results of Co/P screening experiments. 

Run % Total %1in.a- %Sel. to %Set to %Sel. to %Sel. to %Sel. to %Prod. 

olefin olefin intole par. aid. alcohol HOF linearity .. 

conv. conv. From 

lin a-ole. 

(ald.+alc.) 

17 100 100 0 7 6 84 3 72 

18 100 100 0 10 0 87 3 63 

19 100 100 0 11 6 80 3 74 

20 100 100 0 21 5 70 4 70 

21.1 51 76 33 16 3 43 5 72 

21.2 99 99 0 25 5 65 5 73 

22.1 9 15 42 9 19 25 5 73 

22.2 15 21 28 5 27 34 6 73 

22.3 54 78 31 11 4 49 6 72 

22.4 66 84 21 14 10 49 5 72 

22.5 86 99 13 13 6 62 6 76 

23 100 100 0 21 3 71 5 86 

24 89 93 4 8 5 78 5 79 

25.1 54 92 41 4 14 36 7 83 

25.2 83 95 13 5 5 71 7 83 

26.1 81 85 5 34 1 53 7 79 

26.2 81 94 14 28 2 46 10 80 

27.1 51 62 18 9 2 64 6 90 

27.2 54 68 20 11 8 53 8 89 

All selectivities in Table 3.4.2 are based on a-olefins converted. 

Selectivities normalized to sum to 100%; average error around 5%. 
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3.4.3 ·Discussion of Results: Co/Phosphine Screening Experiments 

In addition to TPP and TBP, TBPite was also tested as a ligand but for the latter 

only isomerization and a small amount of hydrogenation activity was measured. 

No hydroformylation activity was obtained with the SLO feed using this ligand. 

3.4.3.1 Co/TPP Testing: 1-Decene Feed 

Runs 17-22 were performed to ascertain the suitability of TPP as a possible 

ligand for use with Co to produce linear products. 

Initial runs: See Table 3.4.3. 

Runs 17 and 18 confirmed that selectivities obtained using a 1-decene feed 

were consistent with those in the literature [Falbe, 1980] for Co/P systems. This 

was evidenced by the formation of 2-methyl decanal, 1-undecanal, 2-methyl 

decanol and 1-undecanol, and additional branched hydroformylation products, 

as well as small amounts of heavy oxygenates (HOF), and paraffins. This is 

consistent with reports that isomerization of olefins occurs with these catalysts. 

The "additional" products implied that hydroformylation of the internal olefins 

also occurred. This is evident when one compares the percent product 

linearities from the linear a-olefin (72%) with the overall product linearity (47%) 

in Table 3.4.3 (run 17). 

Comparison of runs 17 and 18 gives an indication as to the effect of catalyst 

concentration. The cobalt concentrations in runs 17 and 18 were 0. 0852 and 

0.1326 g/1 OOml respectively. Run 18 appeared to have proceeded faster as 

evidenced by the shorter reaction time (2.6 hours versus 3.4), and this can 

explain the lower product linearity. Increasing the cobalt concentration 

appeared to also result in a higher hydrogenation activity in run 18 as evidenced 
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by the lower aldehyde and slightly higher paraffin selectivities . Apart from the 

linearities, the results appeared to be satisfactory. 

Table 3.4.3 Initial runs undertaken with Co/TPP: Hydroformylation of 1-

decene. 

11 I 
Feed composition (vol. I vol.) 1 I 1 I - 1 I 1 I - 1 I 1 I 1 

(n-octane I 1-decene /butyl ether) 

Grams Co per 1 OOml of feed 0.0852 0.1326 0.0852 

Grams Co per grams olefin (%) 0.32 0.50 0.50 

Reactor 1 litre· 1 litre 1 litre 

TPP:Co molar ratio 5:1 5.1 10:1 

H2:CO 1:1 1 :1 1 :1 

Temperature (°C) 200 200 200 

Initial pressure (Bar (g)) 100 100 100 

Reaction time (hours) 3.4 2.6 8 

% Overall Olefin Conversion 100 100 100 

1-Decene (ale.+ aid.) products 72 63 74 

% linear 

Overall (alc.+ald.) products% 47 41 41 

linear 

% n-Oecane selectivity 7 10 11 

% Internal olefin selectivity 0 0 0 

% Aldehyde selectivity 6 0 6 

% Alcohol selectivity 84 87 80 

% HOF selectivity 3 3 3 

1 I 1 I -

0.1739 

0.50 

450 ml 

10:1 

1:1 

200 

100 

6.5 

100 

70 

57 

21 

0 

5 

70 

4 
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Reactor configuration: Ligand:Metal Ratio and the Effect of di-Butyl Ether 

See Table 3.4.3 

Runs 19 and 20 were undertaken using a higher TPP:Co ratio of 10 compared 

with a ratio of 5 for runs 17 and 18. In order to investigate the effect of an 

oxygenate, run 19 was undertaken with octane and di-butyl ether. On 

comparing runs 19 and 20, the results appear to indicate a higher hydrogenation 

activity (higher paraffin selectivity) and higher product linearity for run 20. The 

rate (as estimated from the time taken for the pressure to drop) did decrease, 

and this may be ascribed to the higher catalyst concentration used in run 20. 

Comparing runs 18 and 20 shows that the higher TPP:Co ratio resulted in an 

increase in the overall product linearity from 41 % to 57%. Increasing the L: M 

ratio therefore appears to suppress the hydroformylation of internal olefins. The 

decane selectivity increased from 10% to 21 % on doubling the L: M ratio. When 

comparing these results, the two reactor sizes for runs 18 and 20 of 1 litre and 

450ml respectively, should be borne in mind. The smaller volume of the 450ml 

Parr reactor resulted in a larger pressure drop over the course of the 

experiment, thereby resulting in a lower average pressure for run 20 compared 

with run 18. The fact that the H2:CO usage ratio in these systems was 

approximately 2:1 implies that the Pco increased relative to the PH2 as gas in the 

system was consumed, bearing in mind that the initial H2:CO composition was 

1: 1. The higher TPP:Co ratio in run 20 may have masked the effect of the 

higher P co. since phosphine ligands do result in a higher hydrogenation activity 

(see Table 1.6). 

H2:CO Ratio in Syngas: See Table 3.4.4. 

Runs 21.1 and 21.2 were undertaken in an attempt to further improve the 

product linearities and to determine the effect of changing the H2:CO ratio in the 

syngas from 1 to 2. A sample was taken at low conversions (run 21.1) with 
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the reactor subsequently re-pressurized and the reaction continued to 

completion (21.2). The results are summarized and compared to run 20 in Table 

3.4.4. 

Table 3.4.4 Effect of H2:CO ratio in the syngas: Co/TPP catalyzed 

hydroformylation of 1-decene. 

20 21.1 21.2 

Grams Co per 1 OOml of feed 0.1739 0.1739 Continuation 

Grams Co per grams olefin(%) 0.50 0.50 of 21.1, 

Reactor 450ml 450 ml re pressurized 

TPP:Co molar ratio 10:1 10:1 the system 

H2:CO (initial) 1:1 2:1 to 100 bar 

Temperature (°C) 200 200 after 2 hours 

Initial pressure (Bar (g)) 100 100 

Reaction time (hours) 6.5 2.0 8.8 

% Overall1 Olefin Conversion 100 51 99 

1-Decene products %1in~ar 70 72 73 

Overall alcohols % linear 57 57 61 

Note 2 

% n-Decane selectivity 21 16 24 25 

% Internal olefin selectivity 0 33 0 0 

% Aldehyde selectivity 5 3 4 5 

% Alcohol selectivity 70 43 64 65 

% HOF selectivity 4 5 7 5 

1 Includes internal olefin conversion. 

2 Normalized selectivities (ignoring internal olefins), indicate that the 3 runs give fairly 

similar selectivities. 

There was direct evidence for the . presence of a large amount of internal 

decenes. as a consequence of isomerization observed at lower conversion in 

run 21.1. The fact that the overall product linearity of 57% for run 21.1 was 
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similar to the 61 % for run 21.2 indicates that most of the internal olefins "re

isomerized" to the a-olefin before being hydroformylated. Changing the H2:CO 

ratio from 1 to 2 appears to be slightly disadvantageous as evidenced by the 

longer reaction time required to achieve complete conversion. Similar linearities 

were obtained with H2:CO ratios of 1 and 2. From the selectivity comparisons 

in Table 3.4.4, it appears that overall, the hydrogenation activity of the Co/TPP 

system is not very dependent of the H2:CO ratio of the syngas. 

Combined Effects of Time. Temperature and Pressure: See Table 3.4.5. 

Runs 22.1 to 22.5 were undertaken to ascertain the effect of changing the 

temperature and pressure during a run in a Co/TPP system with a 1-decene 

feed. Samples were taken at certain times, after which the reaction was allowed 

to proceed under different conditions. Conditions were selected such that the 

reaction was initiated under "mild conditions" which were altered to become 

"harsher" as the run progressed. This was undertaken primarily in an attempt 

to roughly screen if any of the treatments I conditions would give rise to a poor 

result. A complication with this approach is that a time effect is superimposed 

which makes it difficult to draw firm conclusions. The results have however been 

included since the "harsher" treatments of higher temperature and pressure did 

not result in a decrease in the product linearity. Furthermore, the results of the 

consecutive treatments (using the same starting feed) confirm the previous 

observations on isomerization and re-isomerization of the olefins. 

On consideration of Table 3.4.5, it should be borne in mind that during the 

course of a "normal run" {ie. constant pressure and temperature), the batch 

reactor composition changes with time as indicated in Figure 4.2. These 

changes are that internal olefins appear and then disappear; similarly, the 

aldehydes appear and are hydrogenated with time to alcohols; in addition, 
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paraffins and the HOF increase during the course of the reaction. With the 

exception of the paraffin selectivity for run 22.2 and the aldehyde selectivity for 

run 22.3, the normalized selectivities {ignoring the internal olefins) follow this 

approximate profile. 

The following additional observations are made: 

Under conditions of low conversion at 150°C and 50 bar (g), giving rise to low 

conversions and high internal olefin selectivities, the internal olefins were 

hydroformylated. This is witnessed by the low overall alcohol and aldehyde 

product linearities (31 % and 21 % for reactions 22.1 and 22.2). 

Increasing the reaction temperature from 150°C to 175°C and decreasing the 

initial pressure from 50 to 30 bar (g) in reaction 22.3 had the following effects: 

Large increases in the 1-decene conversion and in the overall hydroformylation 

product linearity, coupled with a significant decrease in the aldehyde selectivity. 

It would appear that the higher 1-decene conversion linked to the higher overall 

product linearity implies that "re-isomerization" of the internal olefins to the a

olefin and subsequent hydroformylation was more easily achieved at higher 

temperatures. One would presume this effect to be less dependent on the 

reaction pressure since, in general, temperature effects are exponential whilst 

time and pressure effects are more linear. The lower aldehyde selectivity, 

coupled with the higher paraffin and alcohol selectivities point to higher 

hydrogenation activity at higher temperature. 
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Table 3.4.5 Temperature and pressure effects: Co/TPP catalyzed 

hydroformylation of 1-decene. 

I Run 221 22.3 I 22.4 I 22.5 I 
Notes: Run 22.2 is an extension of run 22.1 etc. The reactor was not 

recharged with 1-decene between successive runs . 

Grams Co per 1 OOml of feed . 0.1739 

Grams Co per grams olefin (%) 0.50 

Reactor 450ml 

TPP:Co molar ratio 10:1 

H2:CO (initial) 2:1 

Temperature (°C) 150 150 175 175 200 

Pressure (Bar (g)) 50 initial 50 constant 30 initial 65 conS!ant 100 initial 

Reaction time (hours) 3 4.5 15 6 3 

[time (hours) 3 7.5 22.5 28.5 31.5 

% Overall Olefin Conversion 9 15 54 66 86 

1-Decene products %linear 73 73 72 72 76 

Overall alcohols + aldehydes% 31 21 60 56 65 

linear 

% n-Decane selectivity 9 5 11 14 13 

% Internal olefin selectivity 42 28 31 21 13 

% Aldehyde selectivity 19 27 4 10 6 

% Alcohol selectivity 25 34 49 49 62 

% HOF selectivity 5 6 6 5 6 

Normalized selectivities (ignoring contribution of the internal olefins) 

% n-Decane selectivity 16 7 16 18 15 

% Aldehyde selectivity 33 37 6 13 7 

% Alcohol selectivity 43 47 70 62 71 

% HOF selectivity 9 8 8 6 7 

Increasing the reaction pressure to a constant 65 bar in reaction 22.4 did not 

result in marked changes in the 1-decene conversion, product linearity or 



Chapter 3 123 

reaction selectivity. The internal olefin selectivity did however drop from 31 % to 

21 % and the 1-decene conversion and aldehyde selectivity both rose by 

approximately 6 percentage points. Given the additional reaction time of 6 

hours under these conditions, the relatively low additional conversion was 

surprising. Further increasing the reaction temperature and pressure in reaction 

22. 5 for an additional 3 hours resulted in 86% conversion of the total decene 

and increased product linearity and alcohol selectivity. The internal olefin 

sefectivity was still 13% which may indicate that one of the treatments had 

caused the catalyst to deactivate. 

3.4.3.2 Co/TBP Testing: 1-Decene and SLO Feeds 

See Table 3.4.6. 

Run 23 shows the result obtained when using a TSP ligand with a 1-decene 

feed and can be compared with run 21.2 which used a TPP ligand (see Table 

3.4.6). Better results were obtained with the TSP ligand compared to TPP, 

especially with regards to the product linearity despite a lower ligand to metal 

ratio. It was therefore decided to test SLO fractions with this catalyst under the 

same conditions (run 24) as shown in Table 3.4.6. The SLO result was viewed 

as being very encouraging as lower paraffin and higher alcohol selectivities 

were obtained compared to the 1-decene feed. The selectivity of the catalyst to 

linear products was however lower as evidenced by the lower 1-decene product 

linearity. This may be explained by higher hydroformylation activity of the 

catalyst in C10 SLO. This higher activity is assumed, since the cobalt 

concentration was considerably lower in the SLO run and the time taken for the 

pressure drop was approximately the same. The lower olefin conversions with 

the SLO feed appear to contradict this argument. Alternatively, there may have 

been unreactive olefins or an over determination of the olefins in the SLO. 
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Table 3.4.6 Comparison of TPP and TBP ligands used with Co to 

hydroformylate 1-decene (and SL0)
1

. 

I Run 

Ligand TPP TBP 

Ligand:Metal (molar ratio} 10 5 

Feed 1-Decene 1-Decene 

Grams Co per 100 ml feed 0.17~9 0.1739 

Time (hours} 8.8 3.7 

% 1-Decene conversion 99 100 

% Overall decene conversion 99 100 

1-Decene products %linear 73 86 

Overall products % linear 61 79 

% n-Decane selectivity2 25 21 

% Internal olefin selectivity 0 0 

% Aldehyde selectivity 5 3 

% Alcohol selectivity 65 71 

% HOF selectivity 5 5 

1Common reaction conditions: 100 bar (g} 2:1 H2:CO syngas; 200°C. 
2Selectivities are based on 1-decene converted. 

TBP 
5 

SLO C10 

0.1258 

3.7 

93 

89 

79 

50 

8 

4 

5 

78 

5 

The syngas pressure was subsequently reduced from 100 bar to 70 bar and the 

reaction temperature reduced from 200°C to 150°C with the C10 SLO feed in 

runs 25.1 and 25.2, specifically in an attempt to improve the product linearity. 

The results are given in Table 3.4.7. 
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Table 3.4.7 Effect of temperature and pressure on Co/TSP catalyzed 

hydroformylation of C10 SLO. (Ligand to metal molar ratio = 5). 

25 1 

Temperature (°C) 200 150 150 

Pressure (bar (g)) 99 initial 70 initial 70 const 

Time (hours) 3.7 10.8 3.0 

% 1-Decene conversion 100 92 95 

% Total decene converted 89 54 83 

1-Decene products %linear 79 83 83 

Overall hydroformylation products % 50 51 65 

linear 

% n-Decane selectivity 8 4 5 

% Internal olefin selectivity 4 41 13 

% Aldehyde selectivity 5 14 5 

% Alcohol selectivity 78 36 71 

% .HOF selectivity 5 7 7 

An improvement in the overall product linearity on continuation of run 25.1 to 

25.2 was evident. It would appear as if the internal olefins (high internal olefin 

selectivity for run 25. 1) were relatively inert to direct hydroformylation. The 

branched alcohols were therefore derived mainly from branched olefins in SLO. 

The branched a-olefins therefore initially reacted away faster than the linear a

olefins. This is subsequently explained by differences in the "reactivities" of 

olefiris in SLO. 

Figures 3. 7 and 3.8 respectively show GC traces of hydroformylation products 

derived from pure (run 23) and SLO (run 24) feeds. A comparison of the peak 

positions in Figures 3.7 and 3.8 indicates which components are derived from 

hydroformylation of internal olefins and methyl branched a-olefins. 
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Figure 3.7 Gas Chromatogram of. hydroformylation products 
for a Co/TBP catalyzed reaction of a "pure" 1-
decene feed. 
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The presence of 4 branched alcohols from 1-decene in Figure 3.7, is consistent 

with the theory that only four can form as a result of hydroformylation of the 

possible internal olefin isomers. This argument is represented schematically by 

way of Figure 3.9. If the same argument holds for a SLO feed, one could expect 

4 isomers from each of the linear olefins, and at least 4 isomers from each of 

the mono-methyl a-olefins in such a feed. 

Figure 3.9 Hydroformylation reaction possibilities with a 1-decene feed, 
given that olefin isomerization occurs. 

Olefin isomera ----~- Hydroformylation possibilities _ __.___ Nett alcohol isomera 

(b).i 
OH/.-

... OH 
/ 

[<a) 

OH 

Only 4 branched alcoho'ls can 7:::::;-n 

If one compares the "alcohol fingerprints" of the GC spectra of Figures 3. 7 and 

3.8, it appears as if internal olefins (which do form) in SLO were relatively inert 
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to hydroformylation. The branched alcohols from the SLO feed were therefore 

derived mainly from the mono-methyl a-olefins. There exists a possibility of 8 

mono-methyl a-olefins being present in a C10 SLO feed. Since the main 

hydroformylation reaction is via a addition, the possibility exists for the presence 

of 8 mono-methyl branched primary alcohols. There are enough peaks as 

indicated in Figure 3.8 to account for this possibility. In Figure 3.8, the main 

branched alcohols derived from mono-methyl olefins, in addition to the 2-methyl 

alcohol, are consistent with the main branched olefins in the C10 broad fraction. 

(see Figure 3.1 ). 

Components (or the olefins themselves) in the SLO may therefore have an 

effect on the reactivity of internal olefins to hydroformylation with the Co/TBP 

catalysts. The structure of the mono-methyl branched olefins may explain their 

lack of 11isomerization activity", and their apparent reluctance to form the di

branched alcohols by reaction of the internal olefin isomer. Internal mono-methyl 

isomers of the type 

. I 
~ 

would be the most thermodynamically stable. However, the steric effects 

exerted by the ligand may discourage their formation. Once formed, they may 

be relatively inert to hydroformylation as a result of the steric influence of the 

proximity of the double bond to the methyl branch. These factors could result in 

a changing internal olefin distribution with reaction time using SLO feeds. This 

may explain the observed increase in product linearity in runs 25.1 and 25.2 due 

to the relatively larger amounts of methyl branched olefins present during the 

initial stages of the reaction. The argument is represented sch~matically in 

Figure 3. 10. 
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Figure 3.10 Postulated effect of olefin structure on isomerization and 

hydroformylation reactivity in phosphine modified Co catalyst 

systems. 

3.4.3.3 

Linear a-olefin 

mono-methyl branched a-olefin 

"slaw' 

'slaw' 

relatively unreactive 
for hydroformylation 

OH 

~/OH 

I ~~1reactive for 
~droformylation 

•slow" but similar 
linear a-olefin j 
~OH 
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Initially there !TI>!Y. be more branched a-olefins 'available" for h drofo lation in SLO feeds 

Co/TBP Testing: "Narrow" SLO Fraction 

As demonstrated with the Rh/TPP catalyst, it is possible to obtain better 

selectivities to linear products with SLO feeds if the mono-methyl a-olefins 

could be removed (or partially removed). This may be achieved to a degree by 

refractionating SLO to increase the linear a-olefin concentration, as is done in 

manufacturing "narrow" cuts. 

Runs 26 and 27 were performed on the same C9 narrow SLO cut used in the 

Rh/TPP runs described in Section 3.3.3.3. 
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Table 3.4.8 Hydroforrnylation of a C9 SLO "narrow" fraction (H2:CO ratio = 2). 

2s.1 I 27.1 

Ligand TBP TBP TPP 

Metal Co Co Rh 

Temperature (°C} 200 150 80 

Pressure (bar (g}) 100 initial 70 initial 251nitial 
Time (hours} 5 5 4.1 

% 1-Nonene conversion 85 62 93 

% Total nonene converted 81 51 93 

1-Nonene products %linear 79 90 81 

Overall products % linear · 66 84 81 

% n-Nonane selectivity 34 9 3 

% Internal olefin selectiVity 5 18 0 (tr.) 

% Aldehyde selectivity 1 2 97 

% Alcohol selectivity 53 64 0 {tr.} 

% HOF sefectiVity 7 6 0 (tr.) 

Promising results were obtained with this feed. On comparing the results of 

reactions 26 and 27, the following is evident: 

Lowering the reaction temperature and pressure from 200°c to 150°C and 100 

bar to 70 bar respectively gave rise to high 1-nonene (90%) and overall product 

linearities (84%) in reaction 27.1. Then-paraffin selectivity was lowered from 

34% to 9%. The improved selectivities are at the expense of total olefin 

conversion. 

The high internal olefin selectivities for run 27 may again be associated with 

lower total olefin conversions. This relationship between internal olefin 

selectivity and overall conversion implies that at high conversions the internal 

olefins are hydroformylated via the a-olefin. This is represented schematically 

in Figure 3.11. 
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Figure 3.11 Possible relationship between internal and a-olefins in 
Co/phosphine catalyzed hydroformylation systems. 

a-Olefins :;:!'.:: Internal olefns 

Few hydroformylation 
products 

Main hydroformylation 
products 

Allowing the reactions to proceed for longer would presumably have allowed the 

internal olefins to "re-isomerize" and subsequently undergo hydroformylation 

with a resultant improvement in the aldehyde and alcohol selectivities. Similar 

overall product linearities were obtained with the Co/TBP system in run 27.1 

compared with the Rh!TPP system (Run 14 discussed previously) using the 

same SLO Cg narrow fraction. 

From the theoretical calculation of the extent of SLO "cleanup" (branched 

material removal) listed in Table 3.2, it is postulated that >90% of the branched 

olefins would have had to be removed from the Cg cut in order to achieve the 

overall product linearity of 84% assuming the catalyst selectivity was similar to 

that expected when using a pure linear a-olefin feed. This is in agreement with 

the Cg cut analysis in Table 3.1 which shows an olefin linearity of approximately 

92%. 

Figure 3.12, which is a GC product trace from run 27 .1, can be compared with 

Figures 3.7 and 3.8. Apart from the linear and 2-methyl alcohol product peaks, 

there are 3 alcohol peaks derived from hydroformylation of internal olefins 

(marked as "x") and 3-4 peaks derived from methyl branched a-olefins (marked 
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as "•"). It is interesting that the "internal olefin alcohols" are in somewhat higher 

concentration relative to the alcohols derived from branched a-olefins (including 

the 2-methyl alcohol), whereas the situation is reversed in the case of the 

SLO C
10

broad fraction in Figure 3.8. It is therefore tentatively proposed that for 

CofTBP catalysed hydroformylation of SLO; more linear feeds will give rise to 

more "internal olefin alcohols" in the product. 

Figure 3.12 Gas Chromatogram of hydroformylation products for a 
CofTBP catalyzed reaction of a C9 SLO "narrow" fraction. 
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The GC peak ofTBP overlaps the 1-undecanol product peak. This implies that separation of TBP 

from C
11 

oxygenates using fractionation would not be feasible. Indeed, the relatively high volatility 

coupled with toxicity and instability of this ligand would probably make it unsuitable for commercial 

use. Similar alkyl-phosphine ligands, but with a higher molecular mass, would probably be more 

suitable. 
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3.5 TESTING OF "HETEROGENEOUS" CATALYST POSSIBILITIES 

Given the interesting results obtained with the Co/P modified catalysts, it was 

decided to perform "orientating" tests on a few phosphine modified Co-based 

"heterogeneous" catalysts. Furthermore, reports on these types of catalyst are 

not readily evident in the literature. 

3.5.1 "Heterogeneous" Reactions 

See Table 3.5.1 for reactions undertaken and for a summary of the results. 

3.5.2 Discussion of Heterogeneous Results 

3.5.2.1 "Polymer-Bound Co/TPP" Hydroformylation Catalyst 

(Run 28): 

A batch run was undertaken to ascertain if the phosphine would anchor the 

cobalt. Cobalt was added in situ, such that the TPP:Co molar ratio was 2:1. 

Approximately 20% of the cobalt added was not anchored (see Section 2.3.3.1 ). 

Similar results in terms of reaction selectivity and product linearity, were 

obtained compared with the homogeneous Co/TPP systems. The poor linearity 

of 40%, once again confirmed that tri-aryl phosphines are unsuitable for use 

with Co if high linearities are required. 
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Table 3.5.1 Testing of "anchored" P modified Co catalysts: Runs Undertaken 

and Results. 

Run System Tested [Co) Feed composition 

a/100ml (volume/volume) 

28 Co(OOCCH3 h.4H20 added in situ to: Polymer bound TPP on styrene divinyl 0.108 (30ml n-oetane)I {70ml 1-

benzene polymer (20% cross-linked) (purchased from Strem). deeene) 

29 Co impregnated onto spray dried Si02 (±20% Co on Si02 ): Pre-reduced with H2 0.481 C,0 SLO narrow fraction 

at 285'C for 4 hours. TBP ligand added in situ. 100ml 

30.1- Co impregnated onto spray dried Si02 (:t:30% Co on SiO:t): Pre-reduced with H2 0.481 C10 SLO narrow fraction 

30.5 1 at 29o•c for 16 hours.TB? ligand added in situ. 100ml 

31 Co impregnated onto spray dried Si02 : (±20% Co on SiOJ: No pre-reduction. 0.481 C10 SLO narrow fraction 

TBP ligand added in situ. 100ml 

32 Ion exchanged Co on amorphous 1 :1 Si0:/Al20 3, (:1:2.5% Co on Si02 IAlpJ: 0.259 (70ml 1-decene )I 

No pre-reduction. TOP ligand added in situ. (25ml n-octane)I 

(5ml C16 int. std.) 

Run Run AP % a-olefin %Paraffin %Aldehyde %Alcohol %HOF %0xo % of Co,. 

tlme(hrs) (bars) conversion selectivity selectivity selectivity selectivity product leached into 

linearitv 

28 15.5 -. 97,9 0 (tr.) 20.21 74.17 0 (tr.) 40.12 

29 23 70 88.7 11.6 1.1 74.9 7.8 79.1 

30.1 4.8 32 76.9 11.0 5.4 43.8 3.3 85.4 

30.2 5.1 19 63.0 18.5 7.4 47.1 11.6 84.1 

30.3 4.4 16 67.2 17.7 9.4 64.2 3.0 84.7 

30.4 7.6 24 62.3 7.0 0.2 77.3 4.9 84.4 

30.5 4.8 22 48.6 24.2 14.0 56.9 4.9 84.3 

31 5 . 53.2 9.4 8.4 63.4 1.3 73.9 

32 8 - 37.4 31.3 4.9 12.5 9.4 83.4 
1 Runs 30.1 - 30.5 . 

A semi-batch mode of operation was employed. The reactions were stopped once the pressure drop had 

ceased for each run. 50 ml of liquid was extracted and replaced with 50ml of fresh SLO feed before resuming 

the reaction at the original starting pressure of 50 bar (g). 

The following common reaction conditions apply to Table 3.5. 1: 

Ligand: Co molar ratio 2: 1. 
Reaction temperature (0 C) 170. 

H2:CO ratio 2:1. 

Initial pressure (bar (g)) 

Reactor used 

75. Unless indicated, the reactor pressure was kept constant. 

450ml Parr. 

Selectivities are based on the amount of a-olefin .converted; where selectivities do not total to 100%, the 

balance of the a-olefins have been converted to internal olefins. 

solution. 

20 

12 

10 

(10)+6= 

16 

(16) + 7 = 

21 

(21)+4= 

25 

(25) +4= 

29 

86 

s1 
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3.5.2.2 "Supported Co/TBP on Si02 " Hydroformylation Catalysts 

Use was made of a Si02 support in the hope that it would anchor Co. The Co 

was added to the support by means of impregnation for runs 29,30 and 31 and 

by means of ion exchange in run 32. Reduction temperatures (where 

applicable) were chosen from results of temperature programmed reduction 

profiles of the precursors. The supported Co was reduced in a separate vessel 

and introduced along with the liquid feed and TBP ligand into .the micro-reactor. 

Hydroformylation batch experiments were undertaken to ascertain if the material 

would function as catalyst without substantial Co leaching. 

Reduced Co/Si02 Precursor (Runs 29 and 30): 

Reactions 30.1 to 30.4 showed a successive decline in activity. Selectivities 

varied, but the product linearities were similar for all the reactions. The 

phosphine ligand became diluted (see footnote 1 of Table 3.5.1) with successive 

runs indicating that the ligand did not adsorb strongly to the supported cobalt. 

Alternatively, cobalt was leached from the support, and then associated with the 

ligand. On introducing "make-up11 phosphine ligand (run 30.5), an increase in 

activity was not observed, thereby indicating that the remaining Co was 

relatively "inactive". 

The SEM, EON< and ICP analyses on the used and "fresh" particles correlate 

well with the wet chemical and cobalt in solution determinations. It appears as 

if Co "leached" out of the Co/Si02 particles, and that the "working" catalyst was 

comprised of a homogeneous organometallic complex. This was observed for 

runs 29 and 30. 

The S EM showed that the fresh and used samples did not all have the same 

properties in terms of Co crystallite size and distribution, cobalt content, shape 

etc. EON< analyses of two random particles show.ed similar Co: Si ratios for the 

spheres used in runs 29 and 30, although the average mass % of Co leached 
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from the samples was markedly different as indicated in Table 3.5.1. Although 

the EDAX result is unrepresentative, it may indicate that certain crystallites 

behave differently under hydroformylation conditions. 

Unreduced Co/Si02 Precursors (Runs 31 and 32): 

Comparing the results of reactions 29 and 31 in Table 3.5.1 demonstrates the 

effect of reduction of the Co/Si02 precursor. Pre-reduction appears to hold 

advantages in terms of yielding a lower % Co leaching and better selectivity to 

alcohol, as well as higher conversions. Indeed with the exception of the higher 

HOF selectivity, all the other selectivities are more favourable with the pre

reduced Co/Si02. 

Although promising in terms of the low Co leaching achieved with the ion 

exchanged Co on Si02 catalyst, a low conversion and alcohol selectivity was 

obtained. In addition, the ion exchanged material contained a relatively low 

cobalt loading which necessitated a large amount of solid in the batch reactor 

in order to achieve the desired cobalt concentration. This would be unpractical 

for scale-up. For these reasons it was decided not to test this precursor in the 

pre-reduced form. 

Comment: 

In order to achieve success with heterogeneous hydroformylation catalysts, 

metal carbonyls would have to be stable on the surface of the catalyst. This 

could have a negative impact on the reaction rates, which could be under 

diffusion control and hence be slower. The larger amounts of solids in reactors, 

and the localization of active centres/sites on or inside these solids could lead 

to process difficulties. It is thus conceivable that attempts to heterogenize 

homogeneous systems by anchoring the catalyst on or inside a solid support in 

order to combine the advantages of both heterogeneous and homogeneous 

catalysts may have the opposite effect, resulting in a combination of the 
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disadvantages instead. 

3.6. CONCLUSIONS 

The results of the foregoing experiments indicate that phosphine modified Rh 

and Co homogeneous catalysts are suitable for the hydroformylation of HTF-T 

diesel or gasoline product streams. No gross poisons were evident in the 

feedstocks that were evaluated. 

Experimental conditions giving rise to high product linearities with SLO feeds 

were achieved. Total product linearities of >80% were achieved with SLO 

"narrow'' fractions. This indicates that preparation of the feeds by refractionation 

of SLO in order to increase the concentration of the linear a-olefin gives rise to 

predominantly linear hydroformylation products. 

For the RhfTPP experiments, the chemical form of the metal precursor and the 

nature of the SLO fraction had an effect on the catalyst activity. The preferred 

"precursors" for SLO fractions were HRhCO(P(C6H5)3h and [Rh(0
2
C

2
H

3
hh

Lower catalyst activities and corresponding higher linearities were evident at 

higher H2:CO and TPP:Rh ratios. Overall product linearities of >80% and 

conversions of> 90% were achieved with C8, C9 and C10 SLO "narrow" fractions 

using the RhfTPP catalysts. 

For the phosphine modified Co experiments, alkyl phosphine (TBP) ligand was 

shown to be superior to the aryl phosphine (TPP) in terms of product linearity. 

Similar selectivities were evident with H2:CO ratios of 1 and 2. A product linearity 

of >80% was also demonstrated with the C9 narrow fraction. 

Differences in the reactivity of internal olefins in SLO were observed with the 

phosphine modified Co catalysts. There is evidence indicating that branched 
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internal olefins are less easily hydroformylated in SLO feeds and this appears 

t.o be a function of the branched a-olefin structures. With the exception of the 

2 methyl alcohol, branched alcohols in products from SLO streams form mainly 

from mono-methyl a-olefins. In the, case of pure linear feeds, the branched 

products (with the exception of the 2 methyl product) form as a result of internal 

olefin hydroformylation/s. If fewer mono-methyl a-olefins are present, as is the 

case with· narrow SLO cuts, then more of the internal olefins undergo 

hydroformylation directly. 

The very limited attempts to "heterogenize" the phosphine.modified Co catalysts 

by anchoring on solid supports were unsuccessful. It was decided not to 

investigate this topic in detail, partly due to the limited success achieved by 

others in this field using pure feeds. For this reason, "heterogenous" Rh systems 

were also not considered. Although bimetallic or multimetallic catalyst systems 

have been shown by others [Bruanstein and Rose, 1988J[Roberts and Geoffrey, 

1982][1shii et al., 1988] to exhibit unique catalytic activities and selectivities 

which cannot be achieved by a single metal catalyst, these were not evaluated. 

These catalysts, such as Co-Ru systems [Hidai and Matsuzaka, 

1988][Matsuzaka et al., 1988] and Co-Rh systems f Garlasschelli et al., 

1991 ][Hunter et al., 1985] were not considered due to the fact that they are also 

not applied commercially, probably due to limitations involving recycle and 

recovery. 

Although the results were promising with RhfTPP systems, it was decided to 

concentrate further work on Co/Phosphine catalysts with SLO feeds. One of the 

reasons being that RhfTPP systems are not applied commercially for 

hydroformylation of detergent range olefins. This is presumably due to process 

difficulties or risks in the recycle and recovery of these catalysts (see Section 

1.3.5.2). Bearing in mind that one of the original objectives of the work was to 

determine the kinetics of SLO hydroformylation and to test a resultant model on 
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a continuous unit; Co/phosphine catalysts appeared to be a more interesting 

option. Reasons included the differences in olefin reactivities obtained using 

pure and SLO feeds with CofTBP catalysts and the scarcity of detailed reports 

in the literature dealing with these catalyst systems. This is especially true for 

alkylphosphine ligand variants. 

It was therefore decided that Co/Phosphine systems were the most suitable for 

further study. 



CHAPTER4 

TRl-N-OCTYLPHOSPHINE MODIFIED Co 
SYSTEMS 
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4 TRl-n-OCTYLPHOSPHINE (TOP) MODIFIED Co SYSTEMS 

4.1 CONSTANT PRESSURE REACTION STUDIES: GENERAL 

INTRODUCTION 

Due to the results obtained with alkyl phosphine modified Co catalysts in 

Chapter 3, it was decided to concentrate on these systems. This class of 

hydroformylation catalyst appears to have been less frequently reported on than 

others. TOP was selected as the n-alkylphosphine ligand for further evaluation 

since the TBP GC peak interfered with C11 alcohol analyses (see Footnote on 

page 132). 

In the constant pressure experiments listed in Table 4.1, the following aspects 

were investigated: 

1) Repeatability, 2) Initial kinetic considerations, 3) Broad versus narrow SLO 

fractions, 4) SLO versus pure feeds, 5) Syngas composition and pressure, 6) 

KOH additive, 7) Effect of carboxylic acids, 8) Effect of water and, 9) Ligand 

structure. 

4.1.1 Experimental Approach 

The following methodology was employed: 

"Semi-batch" experiments were undertaken, wherein the syngas that was 

consumed during reactions was replaced by maintaining the reactor at a 

constant pressure. When using a constant H2:CO molar ratio= 2, the syngas 

composition did not change significantly during the course of the reaction. If one 

determines the moles of H2 and CO consumed from reaction selectivities, and 

assumes that total moles of CO and H2 consumed are replaced by 2:1 H2:CO 

syngas in order to keep the pressure constant, then the theoretical PH2 and Pea 
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in reactor can be determined. This is demonstrated for an experiment in Figure 

4.1, which shows that the H2:CO ratio within the reactor remained approximately 

constant. 

Figure 4.1 Syngas composition: Co/TOP (run 33). Batch reactor under 
constant pressure of pure 2:1 H2:CO syngas. (Sealed outlet). 
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The agreement between the calculated and measured syngas compositions is 

demonstrated in Table 4.2. 

Various experiments were also undertaken in which syngas was passed 

continuously through the system. In these experiments, the gas flow rate was 

in the order of 100 normal ml per minute which was slow enough to prevent 

liquid losses by carry over with the syngas. 

4.1.2 Exhaustive Hydroformylation 

This method was developed in order to characterize the complex olefin 

distributions in SLO, and especially in Co/P catalyzed systems where 

isomerization of olefins occurs. The additional, non-olefinic components, present 
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in SLO often "1lask olefin peaks which makes quantification of the olefins 

difficult. It was found that the best method to quantify the olefins was to 

exhaustively hydroformylate the material in order to expose and quantify the 

non-olefinic components masking or present "under" the olefinic component 

peaks in the GC traces. These non-olefinic components were identified by GC

MS techniques. Their contribution to the olefinic material were then 

"subtracted", as discussed more fully in Section 2.3.1.2. 

4.1.3 Reactor Profiles 

By sampling the reactor liquid contents at various times during the course of an 

experiment, changes to the profile of reactants and products could be monitored 

against reaction time. Although various factors affected the reaction rate and 

selectivities as will be demonstrated, the following typical profile was observed 

for experiments undertaken at constant pressure (see Figure 4.2). The profile 

indicates that extensive isomerization of a-olefins to internal olefins occurs 

initially. The internal olefins re-isomerize to a-olefins prior to hydroformylation 

as evidenced by the high product linearities. Hydroformylation initially results in 

a relatively large quantity of aldehydes, most of which are subsequently 

hydrogenated to alcohols. A portion of the olefinic feed is hydrogenated to 

paraffin, and a Heavy Oxo Fraction (HOF) forms as a result of unwanted side 

reactions. 

It therefore follows that the selectivity profiles would be similar. This is illustrated 

in Figure 4.3 which is based on the total olefins (a and internal olefins) 

converted. 

Similar profiles for all the reactions listed in Chapters 4 and 5 and in Tables 4.1 

and 5.1 were determined. The profiles all showed the same trends as illustrated 

in Figures 4.2 and 4.3. The results are summarized in Tables 4.2 to 4.4.2 in this 
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chapter, and for Chapter 5 in Tables 5.2 to 5.4.2. Mini-tables are reproduced in 

the discussion to facilitate easier comparisons and assist the reader. 

Figure 4.2 Profile of reactor contents with TOS: Run 29 SLO broad fraction. 
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Figure 4.3 Selectivity and linearity profile for Run 29 (SLO broad fraction}. 
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4.2 Co/P SYSTEMS: CONSTANT PRESSURE RUNS UNDERTAKEN 

Table 4.1 Reaction studies: Co/P-modified systems. 

Run Ligand {Co) UM Feed composition Feed H,:CO Pi Additives: 

gl100ml Molar (volume/volume) pretreatment Molar bar KOH/LAS .. /Co 

ratio (for acid ratio molar ratios 

removal) 

I 29a TOP 0.22 2.0 SLO c,0 broad traction (B) washed 2 75 - 1-11 

29b TOP 0.22 2.0 SLO C10 broad fraction (8) washed 2 75 - I -11 

29c TOP 0.22 2.0 SLO C,0 broad fraction (B) washed 2 75 - I -11 

29d TOP 0.22 2.0 SLO C,0 broad fraction (B) washed 2 75 - / - /1 

30 TOP 0.31 2.0 SLO C,0 narrow fraction (B) unwashed 2 75 - / - /1 

31 TOP 0.26 2.0 SLO C10 broad fraction (A) unwashed 2 75 - / -11 

32 TOP 0.32 2.0 SLO C,0 narrow fraction (A) unwashed 2 75 0.75/ -/1 

33 TOP 0.25 2.0 311 (1-decene)/(n-octane) - 2 75 0.751-11 

34 TOP 0.32 2.0 SLO C10 narrow fraction (A) unwashed ·comm 90 - 1-11 

Syngas 

35 TOP 0.25 2.0 SLO C,0 narrow fraction (A) unwashed 2 75 - I -11 

36 TOP 0.25 2.0 3/1 (1-decene)/(n-octane) - 2 75 - I - /1 

37 TOP 0.25 2.0 3/1 (1-decene)/(n-octane) - Comm. 90 0.751-11 

Syn gas 

38 TOP 0.26 2.0 3/1 (1-decene)l(n-octane) - Comm. 90 - I -11 

Syngas 

39 TOP 0.29 2.0 SLO C10 narrow fraction (B) 5ml butyric 2 75 - I -11 

acid spiked (+5% v/v C, acid) 

40 TOP 0.23 2.0 SLO c.,.. broad traction unwashed 2 75 0.7510.111 

41 TOP 0.25 2.0 SLO Ce+• broad fraction unwashed 2 75 0.7510.111 

(+10% Viv H,O) 

42 TBP 0.32 2.0 SLO c,0 narrow fraction (A) unwashed· 2 70 0.751-11 

43 bis- 0.24 2.0 SLO C,0 narrow fraction (B) unwashed 2 75 - 1-11 

PPB 

44 EP 0.26 2.0 SLO c,0 broad fraction (A) unwashed 2 75 0.751-11 

Co(02C2H~2.4H20 precursor was used for all the runs 

*Comm. Syngas is typical of a commercial synthesis gas (see Section 2.2.2) 

**LAS is a Linear Alkylbenzene Sulphonate (C12 alkyl) surfactant additive (see Section 4.4.6). 

Stirring speed for all the runs: 500rpm 

Temperature for all runs: 170°C 



146 Co/TOP Catalyst Systems 

4.3 Co/P SYSTEMS: RESULTS OF CONSTANT PRESSURE RUNS 

The results are summarized by way of Tables 4.2, 4.3 4.4.1 and 4.4.2 below: 

Table 4.2 Gas breakdown of runs undertaken in Table 4.1. 

Run Gas composition P(CO) initial P(CO)final P(H2 ) initial P(H,) final 

(As supplied/ specified by bar. (g) bar (g) bar (g) bar (g) 

manufacturer} 

29a ±33% CO; ±66% H2 25 50 

29b ±33% CO; ±66% H2 25 50 

29c t33% CO: ±66% H2 25 50 

29d ±33% CO; ±66% H2 25 50 

30 ±33% CO; ±66% H2 25 '26.2 50 ·48.8 

·21.8 •47,2 

31 t33% CO; ±66% H2 25 ·25.5 50 0 49.5 

·21.6 *47.5 

32 ±33% CO; ±66% H2 25 '26.8 50 0 48.2 

33 ±33% CO; ±66% H2 25 ·26.3 50 '48.7 

34 Commercial syngas 26 "23.3 49.3 0 36.8 

35 ±33% CO; ±66% H2 25 "26.2 50 0 48.8 

'27.5 •47,5 

36 ±33% CO; ±66% H2 25 '26.0 50 '49.0 

'26.9 *48.2 

37 t33% CO; ±66% H, 25 0 25.8 50 '49.2 

38 Commercial syngas 26 "23.0 49.3 0 36.3 

39 ±33% CO; ±66% H2 25 '26.1 50 '49.8 

'27.7 '47.3 

40 t33% CO: ±66% H, 25 '26.6 50 '48.4 

41 t33% CO; ±66% H2 25 ·25.1 50 0 49.9 

42 t33% CO; ±66% H2 23.3 46.7 

43 t33% CO: ±66% H2 25 '25.2 50 '49.8 

44 t33% CO; ±66% H2 25 '27.8 50 *47.2 

°Calculated on the basis of reaction selectivities and moles of olefin converted. 

*Measured (from gas ampule samples). 

P(total) 

bar (g) 

75 

75 

75 

75 

75 

75 

75 

75 

90 

75 

75 

75 

90 

75 

75 

75 

70 

75 

75 

o Empty blocks in the table assume that final values are approximately equal to initial values. Gas 

was passed continuously through the system. 
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Table 4.3 Breakdown of olefins measured in Feed: Runs described in Table 

4.1. Measured Rate constants (k) from plots of ln(1-C) versus time 

where C = total fractional olefin conversion. 

Mass % in Feed 

Run 

Total Total linear br. Total linear br. 

olefin a- a- a- int. int. int. 

olefin olefin olefin olefin olefin olefin 

29a 52.7 49.9 36.0 13.9 2.8 2.8 0.00 

29b 52.0 49.3 34.9 14.5 3.1 2.7 0.40 

29c 52.0 49.5 35.7 13.9 2.4 1.8 0.63 

29d 51.5 49.1 35.2 14.3 2.0 2.0 0.00 

30 67.9 67.8 52.5 15.3 0.0 0.0 0.00 

31 50.4 49.1 29.2 19.9 1.3 1.3 0.00 

32 71.8 68.2 63.5 4.7 3.6 3.6 0.00 

33 77.4 75.9 75.9 0.0 1.5 1.5 0.00 

34 70.8 67.2 62.7 4.5 3.5 3.5 0.00 

35 66.5 63.1 57.8 5.3 3.5 3.5 0.00 

36 74.1 73.4 72.7 0.7 0.7 0.7 0.00 

37 76.6 74.5 74.5 0.0 2.1 2.1 0.00 

38 72.1 70.2 70.2 0.0 1.9 1.9 0.00 

39 64.1 64.1 54.2 9.9 0.0 0.0 0.00 

40:C8 49.0 49.0 39.00 4.5 5.6 5.6 0.00 

40:C9 12.9 12.9 0.00 12.9 0.0 0.0 0.00 

41:C8 51.0 44.3 39.7 4.6 6.7 6.7 0.00 

41:C9 13.5 12.8 0.00 12.8 0.6 0.0 0.63 

42 71.2 67.5 63.2 4.3 3.8 3.8 0.00 

43 73.2 73.2 58.6 14.5 0.0 0.0 0.00 

44 48;6 46.9 29.9 16.9 1.7 1.7 0.00 

I<= k/[cat] where: 

k = first order rate constant describing olefin disappearance 

[cat] = grams of Co per 100 ml of feed. 

k k' 

Total Col 

olefin olefin 
Inerts 

% mass 

linear % 

47.3 73.7 0.32 0.30 1.33 

48.0 71.7 0.31 0.26 1.15 

48.0 72.5 0.31 0.29 1.29 

48.9 72.7 0.31 0.30 1.33 

32.2 83.3 0.34 0.44 1.45 

49.6 60.6 0.38 0.44 1.69 

28.2 93.5 0.33 0.47 1.45 

22.6 100 0.24 0.23 0.90 

29.3 93.7 0.34 0.38 1 .. 22 

33.5 92.0 0.28 0.35 1.42 

25.9 99.1 0.26 0.24 0.98 

23.4 100 0.24 0.25 0.99 

27.9 100 0.27 0.29 1.13 

36.6 85.5 0.34 0.55 1.88 

38.0 90.9 0.34 0.54 2.38 

0.00 1.29 0.49 2.16 

35.6 91.0 0.36 0.62 2.52 

0.0 1.36 0.55 2.23 

28.8 94.0 0.34 0.39 1.20 

26.8 80.1 0.24 0.49 2.04 

51.4 60.6 0.35 0.88 3.53 

Olefin breakdowns were determined for each run using "exhaustive hydroformylation" (see 

Section 2.3.1.2). 
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Table 4.4.1 Conversions and selectivities based on the total olefins converted 

at time 1 (as indicated below). 

Run Time Total olefin Overall Linear a-olefin Paraffin Aldehyde Alcohol HOF 

(hours) converted product product selectivity selectivity selectivity selectivity 

(%) linearitv <%) linearitv* (%) {%) (%) (%) 

29a 2.08 46.2 60.1 86.8 12.5 23.2 

29b 2.13 52.3 62.9 87.0 13.4 18.2 

29c 2.00 49.9 60.2 89.0 13.3 23.8 

29d 2.00 49.8 61.3 86.8 12.9 23.1 

30 2.00 65.1 74.7 95.4 12.0 13.2 

31 2.00 59.1 56.2 85.2 9.2 18.2 

32 2.00 66.4 82.8 88.4 16.9 6.1 

33 2.00 39.9 87.3 89.7 16.2 27.6 

34 2.00 50.0 86.0 93.0 22.2 21.6 

35 2.00 54.3 84.2 90.7 15.6 10.0 

36 2.00 45.8 87.8 92.8 12.9 20.1 

37 1.17 38.1 75.0 87.4 4.7 21.5 

38 2.00 51.4 73.8 92.2 13.3 14.1 

39 2.00 66.4 74.4 87.9 12.3 8.8 

40:C8 2.00 67.5 74.5 91.2 15.3 15.3 

40:C9 2.00 72.8 - - 20.5 -
41:C8 2.00 73.1 75.3 88.9 16.8 6.4 

41:C9 2.00 74.5 . - 8.1 -
42 2.00 62.5 82.9 90.4 13.0 8.9 

43 2.00 69.8 63.6 81.5 6.8 21.7 

44 2.00 88.0 59.3 86.1 4.6 7.6 

• Denotes the linearity of hydroformylation products derived from the linear ex-olefin, ie. 

{linear alcohol}/{linear + 2 methyl alcohol} expressed as %. 

(%) 

64,3 • (tr.) 

68.4 • (tr.) 

82.9 • (tr.) 

64.0 - (tr.) 

74.4 0.5 

69.9 2.7 

73.1 3.9 

54.7 1.5 

53.3 2.7 

69.8 4.6 

61.8 5.8 

67.9 5.9 

71.4 1.2 

72.3 6.6 

68.7 0.7 

78.7 0.9 

76.5 0.4 

90.3 1.6 

74.3 4 

69.9 1.6 

86.3 1.5 
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Table 4.4.2 Conversions and selectivities based on the total olefins converted 

at time 2 (as indicated below). 

Run TI me Total olefin Overall Linear a-olefin Paraffin Aldehyde Alcohol HOF 
(hours) converted (%) product product selectivity selectivity selectivity selectivity 

linearitv 1%) lineantv• (% \ (%) (%) (%) 

29a 8.0 87.5 61 85.7 9.8 2.2 

29b 8.0 88.2 62 85.8 10.0 2.2 

29c 8.0 90.2 61.2 85.7 10.4 2.5 

29d 8.0 89.2 60.9 85.7 10.3 2.2 

30 8.0 100 71.8 87.2 11.1 0.5 

31 8.0 100 55.9 83.8 10.0 1.4 

32 6.5 95.3 79.3 88.3 10.4 2.1 

33 6.5 76 86.4 90.6 12.1 4.8 

34 6.0 94.3 79.2 88.0 17.0 1.4 

35 8.0 93.3 78.5 87.9 13.1 1.2 

36 8.0 83.8 83.2 90.5 13.4 3.2 

37 6.0 81.3 85.3 92.1 8.5 3.8 

38 8.0 88.4 83.3 90.5 12.0 1.3 

39 8.0 100 71.4 86.9 11.7 1.6 

40:C8 8.0 100 75.5 90.0 14.2 1.4 

40:C9 8.0 100 . . 13.4 . 

41:C8 8.0 100 78.4 90.1 5.3 0.6 

41:C9 8.0 100 . . 3.9 . 

42 6.5 91 79.4 87.0 11.5 1.9 

43 8.0 100 60.8 79.6 5.9 4.2 

44 8.0 99.9 52.9 84.6 3.0 3.7 

*Denotes the linearity of hydroformylation products derived from the linear a-olefin, ie 

{linear alcohol}/{linear + 2 methyl alcohol} expressed as%. 

(%\ 

87.3 0.8 

87.0 0.8 

86.5 0.6 

86.8 0.8 

87 1.5 

85.9 2.9 

81.8 5.7 

82.1 1.0 

75.7 5.8 

78.3 7.4 

82.3 1.0 

82.8 4.9 

83.6 3.2 

74 12.7 

83.7 0.9 

85.2 1.5 

91.3 2.8 

91.8 4.3 

81.9 6.1 

88.7 1.2 

90.6 2.8 
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4.4 DISCUSSION OF RESULTS: Co/P CONSTANT PRESSURE RUNS 

4.4.1 Repeatability of Results 

This was demonstrated in runs 29a-d as shown in Table 4.5 and in Figure 4.4 

in Section 4.4.2. These data indicate repeatability of feed analyses and 

experimental results. 

Table 4.5 Data and results for runs undertaken at the same conditions 

demonstrating repeatability. 

29a 29b 29c 

Measured olefin composition (mass% in feed)1 

Linear a-olefin 36.0 34.9 

Branched a-olefin 13.9 14.5 

Internal olefin (linear) 2.8 2.7 

Total olefin 52.7 52.0 

Linearities, conversions, selectivities2
: At 8 hours TOS3 

% T-Otal olefin converted 89.8 88.2 

%Overall product linearity 61.0 62.0 

%Linearity of 1-decene 

hydroformylation products 85.7 85.8 

%Paraffin selectivity 9.8 10.0 

%Aldehyde selectivity 2.2 2.2 

%Alcohol selectivity 87.3 87.0 

%HOF selectivity 0.8 0.8 
1 Olefin breakdowns determined using exhaustive hydroformylation 

2 Selectivities are based on the total olefins converted. 

3 TOS denotes Time On Stream 

The common reaction conditions are listed in Table 4.1. 

29d 

-

35.7 35.2 

13.9 14.3 

2.4 2.0 

52.0 51.5 

90.2 89.2 

61.2 60.9 

85.7 85.7 

10.4 10.3 

2.5 2.2 

86.5 86.8 

0.6 0.8 

The way in which data (specifically GC data) for the constant pressure 

experiments were compiled and analyzed for in SLO fractions making use of 
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spreadsheet calculations is demonstrated in Appendix 2. Included in the 

Appendix is a breakdown of data from run 29a in the form of a spreadsheet. The 

same methodology was followed for "pure" feeds. The calculations used to 

determine various parameters such as conversions, selectivities, linearities etc., 

are fully described in Section 2.3.1.2. 

4.4.2 Preliminary Kinetics 

In order to simplify subsequent comparisons, the kinetics of olefin 

disappearance are considered first. 

The kinetics of the hydroformylation reaction for conventional catalysts is 

generally accepted as being described by Natta et al. 's [1952, 1954, 1955] 

relationship, 

(P )Y 
d (aldehyde) • constant(olefin]w[Metal)X H2 

dt (Pco)z 
(4.1) 

In Natta et al. 's original equation the reaction orders with respect to olefin and 

metal concentration, as well as PH2 and P co are "first order" ie., w, x, y and z are 

all equal to 1. However, under certain conditions, x may also = 0. 5. According 

to Natta et al., due to the opposing effects of CO and H2, the reaction rate is 

independent of the total pressure when the H2:CO ratio is 1. Depending on the 

reaction conditions, variations of the rate equation as reviewed by Falbe [1980] 

exist, and these are summarised in Table 4.6. 
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Table 4.6 Hydroformylation reaction orders for unmodified {no ligand) 

systems. [Falbe, 1980]. 

Hydroformylation Catalyst 

Reaction "order" of: 

Olefin concentration (w) 

Metal concentration (x) 

H2 partial pressure (y) 

CO partial pressure (z) 

* x = 1 at P co = ±100 bar 

** according to Natta et al. 

HCo(CO)~ 

1 * or 0.5** 

1 to-1 *** 

*** z = 1 at P co < 1 0 bar; z = -1 at P co > 1 0 bar. 

HRh(C0)4 

0 or 1 

1 to 0.16 

1 to -1 

For the reactions undertaken in this chapter, the H2:CO ratios in the syngas 

were kept approximately constant. This implies that for the runs undertaken, 

equation (4.1) may be simplified to 

where 

Rate • k[olefin]w[Metal] x 

p· 
k • (constant term of equation ( 4.1 ) ) ~ 

Pea 

(4.2) 

(4.3) 

Although the kinetics of the hydroformylation reaction using unmodified catalysts 

have been widely reported in the literature - Falbe [1980] gives 37 references -

results of kinetics using phosphine modified Co systems appear to be far less 

widely publicized. Notable exceptions are Tucci [1970], Helfferich [1989] as well 

as Chern and Helfferich [1990], who agreed that the hydroformylation reaction 

is first order with respect to olefin concentration. 

Wender et al. [1956] showed that for conventional Co catalysts, similar rates for 

linear and 4-methyl branched a-olefins occur. However, the 2-methyl a-olefin 
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reacted at a 88% slower rate in Wender et a/. 's study. No information in the 

literature on reaction rates of different olefin structures using Co/P systems was 

sourced. 

It was found that for SLO fractions, the rate of reaction of all the olefin types for 

a given carbon number fraction were similar and approximately first order. It was 

further demonstrated that the olefins in SLO and pure feeds may be grouped 

together to give an approximately first order expression which describes their 

collective disappearance. Since low amounts of the 2-methyl a-olefins are 

encountered in SLO (see Section 2.2.1 ), their contribution to a possible 

deviation from overall first order behaviour has been ignored. However, if their 

concentration is enhanced significantly by feed preparative techniques, then 

distinction would have to be made between the 2-methyl and the balance of the 

olefins. 

Demonstration of the ability to combine mono-methyl branched a-olefins with the 

linear olefins in terms of their reactivity is demonstrated for runs 29a-d. 

Repeated kinetic results obtained using a SLO C10 fraction having an olefin 

linearity of around 73%, are illustrated in Figure 4.4. 

The lines in Figure 4.4 were generated from the equation: 

where 

- In ( 1 -C) • kt 

C = total fractional olefin conversion. 

t = reaction time (in hours). 

k = first order rate constant describing olefin consumption. 

(4.5) 
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Figure 4.4 First order rate plots demonstrating similar (first order) olefin 
reactivity for the sum of all olefins in a SLO C10 broad fraction: 
Runs 29a-d. 

-ln(1-C) 

2.5 

2 

1.5 

1 

0.5 

Time (hours) 
where C = fractional total o/flfin conversion 
SlolM• lr="m-rnCOMl.a/'l _,,bfng-consumpt/cn 

Run 

29a ---29b 
--+--

29c 
--4E--

29d 
-E-

The fact that the lines in Figure 4.4 pass through (or fractionally above) the 

origin, implies that the rate of in situ ·catalyst formation from the 

Co(OOCCH3h.4H20 precursor was considerably faster than the 

hydroformylation reaction rate and did not impact on the kinetics. 

As in Table 4.5, Figure 4.4 confirms the reproducibility of the results. 

4.4.3 Broad versus Narrow SLO Feeds 

The results in Figure 4.4 however do not imply that it is always possible to group 

linear and methyl a-olefins. The slope of the lines in Figure 4.4 (ie. k values) 

may change on varying the ratio of linear: methyl olefins in the feed. This is 

especially so if the 2-methyl and 3-methyl a-olefins are concentrated up in going 

from a broad fraction to a narrow one. First order olefin consumption kinetics 
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was however still observed in broad and narrow SLO fractions (see Figure 4.5). 

The slopes of the two plots are similar indicating similar rate constants. Table 

4.6 gives a breakdown of the reaction conditions and various results. 

Figure 4.5 First order rate plots: Overall reactivity of olefins in SLO 
C10 broad and narrow fractions. 

-ln(1-C) 

4 ..----~~~~~~~~~~~~~~~~~~--,..----~~~~ 

Reactions are first order 

for narrow and broad F-T fractions 

2 -

1 -

I 

0 2 4 

Time (hours) 
where C = fractional total olefin conversion 

(narrow cut) 

(broad cut) 
................... 

I 

6 8 

Given the differences in catalyst concentration (around 17% ), the overall rate of 

olefin consumption in the broad fraction was faster (see Table 4.6). The 

difference may be ascribed to a higher concentration of methyl branched a

olefins with branching closer to the a-olefin double bond in the narrow fraction 

(see Figures 2.11 and 3.1 ). Except for the expected difference in the overall 

product linearity, the reaction selectivities were unaffected in going from a 

broad to a narrow fraction (see Table 4.6). 
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Table 4.6 Results obtained with "broad" and "narrow" HTF-T fractions. 

Feed (SLO fraction) C10 "narrow" C10 "broad" 

Grams Co per 1 OOgrams of feed 0.31 0.26 

Olefin content in Feed (Mass%) 

Linear a-olefin 52.5 29.2 

Branched a-olefin 15.3 19.9 

Internal olefins 0.0 1.3 

Total olefins 67.9 50.4 

Rate constant k 0.43 0.44 

*Rate constant k' 1.45 1.69 

Conversion, Product Linearities and Selectivties after 8 hours TOS 

%Total olefin converted 100 100 

% 1-Decene product linearity 87 84 

%Overall product linearity 72 55 

%Paraffin selectivity 11 10 

%Aldehyde selectivity 0.5 1.4 

%Alcohol selectivity 86 82 

%HOF selectivity 1.5 2.9 

*' Rate constant k' values are corrected for differences in the catalyst concentration. 

4.4.4 SLO Feeds Versus Pure Feeds 

Figure 4.6 and Table 4. 7 compare the relevant results. 

Figure 4.6 gives an indication as to differences in the kinetics of "pure" and SLO 

feeds. Faster rates were evident in the SLO. This observation was consistent 

for the runs undertaken with Co/TOP - ie. faster rates with SLO feeds. The 

lower 1-decene product linearities obtained with the SLO feeds are presumably 

a result of the higher reaction rates. The reaction selectivities for the SLO and 

pure feeds appear similar, but a higher HOF resulted with the SLO, probably. 

due to side reactions (see Figure 1.16). 

I 

,.l 
I 
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Figure 4.6 First order rate plots: 1-0ecene and SLO C10 narrow 
fraction: Runs 32 and 33. 

-ln(1-C) 
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Table 4.7 Results obtained with 1-decene and a SLO C10 narrow fraction. 

Feed SLO C10 "narrow" 3/1 1-decene/octane 

Grams Co per 1 OOgrams of feed 0.32 0.25 

Olefin content in Feed (Mass%) 

Linear a-olefin 63.5 75.9 

Branched a-olefin 4.7 -
Internal olefins 3.6 1.5 

Total olefins 71.8 77.4 

Rate constant k 0.47 0.23 

*Rate constant k' 1.45 0.90 

Conversion, Product Linearities and Selectivties after 6.5 hours TOS 

% Total olefin converted 95.3 76.0 

% 1-Decene product linearity 88.3 90.6 

% Overall product linearity 79.3 86.4 

% Paraffin selectivity 10.4 12.1 

% Aldehyde selectivity 2.1 4.8 

% Alcohol selectivity 81.2 82.1 

% HOF selectivity 5.1 1.0 

* Rate constant k' values are corrected for differences in the catalyst concentration. 
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4.4.5 Synthesis Gas Composition 

If in a F-T complex, the F-T products are used as hydroformylation feeds, one 

would also like to utilise the F-T syngas for hydroformylation. Apart from H2 and 

CO, commercial syngas contains quantities of C02, CH4 and N2. The CH4 and 

N2 are inert, but C02 could possibly exert an influence. Reports in the literature 

on the effect of C02 in phosphine modified Co hydroformylation systems are 

however unclear. 

A patent by Massie and Vesely [197 41 claims that the presence of C02 in the 

feed gas reduces the formation of by-product alkanes in these systems. 

Examples cited in this regard relate to the hydroformylation of C5 , C7, C10, C11 , 

C12, C13 and C14 olefins using various alkyl phosphine ligands. According to 

Massie and Vesely, introducing C02 such that the P co2 was typically ;:.;20atm. 

had the effect of "markedly decreasing the selectivity to paraffins" in the 

examples cited. A specific example related to hydroformylation of 5-decene 

undertaken using 20 atm. CO and 80 atm. H2 , at 195°C for 1 hour using a TBP 

ligand. Repeating the experiment with the addition of 20 atm. C02, resulted in 

a lowering of the total decene conversion from 100% to around 85%, and 

conversion to decane from 32% to 18% respectively. Seen in this context, C02 

may be also described as a selectivity "modifier" or "promoter". 

However, an earlier patent by Kummer et al. [1972], specified that low 

concentrations of C02 ( <20ppm) are necessary to prevent metal precipitation in 

these systems, albeit that they were "modified" with alkali hydroxide (see Section 

4.4.6). Kummer et al.'s report may be taken to imply that C02 facilitates catalyst 

degradation, and may therefore be a poison. 

Commercial syngas having the following composition (volume %) was tested 

with a C10 narrow SLO feed: H2 = 56%; CO = 29%; C02 = 1 %; CH4 = 12%, N2 
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balance = 2%. 

Undertaking the reactions at a constant inlet pressure with the outlet sealed, 

resulted in a build up of C02 and CH4 due to a decrease in the PH2 and Pco· This 

is demonstrated by way of Figure 4. 7. 

Figure 4. 7 Gas profile with TOS: Batch run with commercial 
syngas, Co/TOP and C10 SLO: Run 34. 
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It is apparent that at a fixed total pressure the batch runs undertaken with 

commercial syngas employed lower overall pressures of CO and H2 compared 

with pure 2:1 H2:CO syngas. The effect (or lack of effect) is evident in the 

subsequent comparisons. 

Activity comparisons may be undertaken by considering Figure 4.8 in which the 

slopes of the plots represent the rate constants of the olefin consumption 

reaction. Notwithstanding the lower overall syngas pressures and slightly rich 

CO gas (compared with pure 2:1 H2:C0), the commercial syngas run kinetics 
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were approximately first order, and appeared to be similar to runs undertaken 

with pure syngas. There was however some indication that syngas composition 

and/or pressure may play a role in influencing the kinetics. Correcting for 

differences in catalyst concentration, the commercial syngas run was 

approximately 14% slower than the pure syngas experiment. The observations 

are in line with Natta et al.'s reports that the rate (in unmodified systems) is 

independent of the total pressure over a specified range, as long as the ratio of 

H2 and CO remain constant during the course of the experiment. 

Figure 4.8 Comparison of kinetics obtained with 2:1 H2:CO pure syngas 
and commercial syngas; Co/TOP catalyst with a narrow C10 

fraction (A) feed: Runs 34 and 35. 
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Similar product linearities as well as aldehyde and alcohol selectivities were 

observed for the two gaseous feeds, as demonstrated in Table 4.8. 
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Table 4.8 Effect of commercial syngas on reaction selectivities at 6 hours 

TOS; C10 SLO narrow fraction. 

Gas Commercial syngas Pure syngas 

1.93:1 H1:CO ratio 2:1 H1:CO ratio 

% 1-Decene product linearity 88.0 88.4 

% Overall product linearity 79.2 80.2 

% Paraffin selectivity 17.0 12.8 

% Aldehyde selectivity 1.4 2.0 

% Alcohol selectivity 75.7 77.5 

% HOF selectivity 5.8 7.1 

4.4.6 Alkali (KOH) "Modifier'' 

As with C02, reports on the effect of alkali modifiers on phosphine modified Co 

hydroformylation systems are unclear. 

The patent by Kummer et al, [1972) serves as a reference describing the effects 

of alkali-modifiers in Co-phosphine catalyzed hydroformylation systems. The 

patent states that phosphines used to modify carbonyl complexes are partially 

converted to phosphine oxides which have to be removed after hydroformylation 

and are not re-useable. Kummer et al. found that treatment of the hot reaction 

mixture with alkali hydroxide (NaOH or KOH) during or after the hydroformylation 

reaction suppressed the formation of catalyst metal precipitates. Especially 

favourable results were reported when the C02 content in the H2:CO syngas 

feed was kept below 20 ppm. The catalyst systems used to illustrate these 

observations were as follows: Cobalt hydrocarbonyls modified with tri-alkyl 

phosphines; atomic ratios of P: Co of between 1:1 and 1:4.; Col olefin = 0.2 

to 1 mass% based on starting olefin; the catalyst was formed in situ from a 

cobalt salt, for example cobalt 2-ethyl hexanoate, tri-alkyl phosphine and 
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syngas. The reaction mixtures were treated with aqueous alkali hydroxide such 

that the molar ratio of Co:alkali hydroxide was between 1 :0.1 and 1 :2. The alkali 

hydroxide content in the water was between 0.1 and 2% by mass. Reactor 

product containing the homogeneous catalyst complex was subjected to 

repeated vacuum distillation, and re-use. Phosphine and Co losses were shown 

to be lowered by the addition of alkali hydroxide. Specific examples given 

compared recycled catalyst that was concentrated up by distillation, with the 

catalyst containing residue subjected to the same recycling procedures, namely 

a purge of 10%. According to Kummer et al., performing the hydroformylation 

experiment in the presence of aqueous NaOH, using a Co:NaOH ratio of 1 :0.2 

resulted in no Co losses after 15 cycles. However, in the absence of alkali · 

hydroxide the Co content decreased from 0.15% (which was the expected 

value) to 0.12% by mass after 16 cycles. Repeating the alkali hydroxide 

experiment using a syngas containing <20 ppm of C02 resulted in no Co losses 

after 22 cycles. 

However, alkali is also reported to catalyze aldol condensation reactions 

between aldehyde products in Co/phosphine systems [Chern and Helfferich, 

1990][Falbe, 1980]. Such reactions would lead to an unwanted build up of the 

HOF. 

Because of the foregoing reports, it was therefore decided to briefly investigate 

the effect of KOH on Co/TOP catalyzed hydroformylation systems. 

Table 4.9 shows the results obtained with KOH in Co/TOP catalysed 

hydroformylation of a SLO C10 narrow fraction and of 1-decene. 
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Table 4.9 Effect of KOH on Co/TOP systems: "Narrow" SLO C10 and pure 

feeds. 

Feed composition (liquids) SLO C10 narrow 3:1 (1-decene:octane) 

Gas composition (initial) Pure 2:1 H2:CO Commercial 

syngas 

1KOH : Co molar ratio 0.75: 1 0: 1 0.75: 1 0: 1 0.75: 1 0: 1 

Grams Co per 1 OOml of feed 0.32 0.25 0.25 0.30 0.26 0.25 

k (first order rate constant) 0.47 0.35 0.23 0.23 0.25 0.29 
21< (first order rate constant corrected) 1.46 1.42 0.90 0.98 0.99 1.13 

Product linearities and selectivities at 6 hours TOS 

% 1-Decene product linearity(%) 88.3 88.4 90.6 90.9 92.1 90.7 

% Overall product linearity (%) 79.3 80.2 86.4 86.1 85.3 82.0 

% Paraffin selectivity 10.4 12.8 12.1 12.8 8.5 10.6 

% Aldehyde selectivity 2.1 2.0 4.8 2.8 3.8 2.9 

% Alcohol selectivity 81.8 77.5 82.1 81.5 82.8 83.6 

% HOF selectivity 5.7 7.1 1.0 2.8 4.9 2.9 
1KOH was added as a solid powder to the reactor. 
2 Rate constant k' values are corrected for differences in the catalyst concentration: k'=k/(grams 

Co/1 OOml). 

From Table 4.9, it is evident that KOH did not markedly effect the reaction 

kinetics and selectivities in SLO and pure feeds with the Co/TOP catalyst. The 

absence of the effect of KOH on reaction rates in these systems was also 

demonstrated with commercial syngas (runs 37 and 38). 

No clear trend linking an increased HOF and the presence of KOH could be 

ascertained. The HOF did increase in the presence of KOH for the commercial 

syngas runs (ie. overall lower partial pressures of H2 and CO and "high" partial 

pressures of CH4 and C02 ). However, the reverse was evident for the pure 

syngas cases. 
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These results, in conjunction with the findings of Kummer et al. which state that 

alkali is effective in preventing catalyst decomposition, imply that KOH may be 

a suitable additive in phosphine modified Co catalyst systems. 

Note on surfactant additives: 

Another additive mentioned in the literature is alkylbenzene sulphonate/s (LAS}. 

Addition of alkylbenzene sulphonates was proposed by Wilkes [1975] for the 

stabilization of previously formed carbonyls to prevent destructive dissociation 

which leads to deposition of metallic cobalt and loss of activity. The fact that 

these alkylbenzene sulphonates are surfactants, may play a role in facilitating 

better mass transfer by improving gas solubility (smaller bubbles}. Mass transfer, 

or "starving" the catalyst complex of CO, causes catalyst decomposition with 

resultant loss of activity [F al be, 1980]. As the experiments in this chapter were 

carried out in a well stirred micro-reactor, the effect of alkylbenzene 

sulphonates would be difficult to measure. This was confirmed by various 

experiments in this Chapter as well as in Chapter 5 which were undertaken in 

the presence and absence of a C12 LAS - see Tables 4.1 and 5.1. 

4.4.7 Effect of Carboxylic Acids on Heavy Oxygenates (HOF) 

Reports on the effect of carboxylic acids in hydroformylation systems appear to 

be contradictory. The presence of carboxylic acids in HTF-T products therefore 

necessitated that their effect on hydroformylation be re-investigated. 

A patent by Greene and Meeker [1966] claims the use of carboxylic acids, and 

preferably long-chain carboxylic acids, as stabilizers in P-modified systems to 

prolong the catalyst lifetime by the formation of Co-salts. Their methodology 

made use of performing repeated batch experiments in the presence and 
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absence of carboxylic acids, and monitoring the number of times that the 

catalyst, originally derived from the precursor Co2(C0)6.2(n-butyl)
3

, (ie. using 

TBP as a ligand) could be re-used without deactivation. In this regard, relatively 

small quantities of carboxylic acid were patented by Greene and Meeker, in that 

the mole ratio of octanoic acid to catalyst precursor was claimed as being 

suitable in the range of 1 to 3. Their results may be taken to imply a 

"downstream" effect in that acid recomplexes precipitated Co and so keeps the 

catalyst in solution. Alternatively, the effect of the carboxylic acid may also be 

to keep the Co in solution during the reaction. 

Carboxylic acids have however been reported to cause deactivation of 

unmodified Co catalysts [Macho, 1971 ], and phosphine modified Rh catalysts 

[Deshpande et al., 1991 ][Mieczynska et al., 1993]. 

During the course of experiments it became evident that there was a relationship 

between the carboxylic acid content in the feed and the HOF, whereby higher 

carboxylic acid concentrations were linked to a higher HOF selectivity. This 

resulted in lower alcohol and aldehyde selectivities as demonstrated in Figure 

4.9. 

Spiking a low carboxylic acid content SLO feed with butyric acid had a marked 

effect on the alcohol and HOF selectivities as demonstrated in Figure 4.9 and 

Table 4.10. On comparing runs 30 and 39, the reaction rate appeared to 

increase with addition of acid. This result is however unsubstantiated if one 

compares runs 35 and 30. 
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Figure 4.9 Bar chart: % Acid in feed; % HOF selectivity; % hydroformylation 
product selectivity. Various runs. 
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Table 4.10 Effect of acid content on C10 SLO hydroformylation: Co/TOP 

catalyzed. 

Run 30 35 39 

SLO fraction• C10 narrow (B) C10 narrow (A) C10 narrow (8) 

% acid in feed 0.40 2.99 4.75 
("low acid") ("high acid") ( butyric acid 

spiked feed) 

... "Rate constant k' 1.45 1.42 1.88 

Linearities and selectivities at 8 hours TOS 

% Overall product linearity 71.8 78.5 71.4 

% 1-0ecene product linearity 86.7 87.5 86.5 

% Paraffin selectivity 11.1 13.1 11.7 

% Aldehyde selectivity 0.5 1.2 1.6 

% Alcohol selectivity 87.0 78.3 74.0 

% HOF selectivity 1.5 7.4 12.7 

" For breakdown of olefin content and distribution of SLO fractions - see Table 4.3 

*"" Rate constant k' values are corrected for differences in the catalyst concentration. 

Since the contribution of the HOF plays a crucial role in a continuous process 
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Since the contribution of the HOF plays a crucial role in a continuous process 

and represents unwanted products, it is important that this fraction be correctly 

characterized. The HOF fraction (for runs 30 and 39) was analyzed in more 

detail using GC-MS to identify the heavy oxygenate components. Virtually all the 

heavy oxygenates identified were esters, the main groups being, C4 and C2 acid 

esters and a smaller amounts of formic acid ester (formate). The C 4 acid esters 

can be quantified in terms of the amount of butyric acid introduced. In order to 

more accurately calculate selectivities based on olefins converted as well as 

model the system (as subsequently undertaken in Chapter 6), it is necessary to 

distinguish the HOF originatingfrom the Co acetate catalyst precursor, and the 

balance of the HOF. 

Carboxylic acids can react with alcohols to form esters [Streitwieser and 

Heathcock, 1981 ], and this reaction was apparent in these hydroformylation 

systems. The C2 and C4 acid-ester GC traces have similar patterns to the 

alcohols. This is demonstrated in Figures 4.10 and 4.11 which show the region 

of interest in a GC product trace after 8 hours TOS without and with spiking the 

feed with the C4 carboxylic acid. 

Because of these results, the use of the Co(OOCCH3)z.4H20 precursor was 

corrected for, since acetic acid formation by implication results in the C2 acid 

esters which were measured in the HOF. These C2 acid esters can be quantified 

in terms of the amount of Co(OOCCH3)2.4H20 precursor used. The following 

approach (see page 169) was used to correct for this in fill the subsequent and 

preceding constant pressure experiments, ie. The effect of this has been taken 

into account for all the data presented in Chapters 4 - 6. 
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Figure 4.1 O GC trace of alcohol and ester products resulting from 
hydroformylation of a SLO C10 (B) fraction: Low acid (Run 
30). 
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Figure 4.11 GC trace of alcohol and ester products resulting from 
hydroformylation of a SLO C10 (8) fraction: Spiked with C4 

acid (Run 39). 
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At time= zero, the mass contribution of the acetate ion ·ooCCH3 is: 

mass of Co(OOCCH:J.4H20 weighed 
----------- x 2 x (MW of -OOCCH:J (4 5) 

MW of Co(OOCCH:J2.4H20 . 

Acetic acid, or the acetate ion, was not observed on the GC traces of the feed 

or reactor products. It is therefore assumed to be complexed either to the Co 

and/or an alcohol. Since the catalyst complex forms at a considerably higher 

rate than the hydroformylation reaction rate on introduction of syngas (see 

Section 4.4.2), it is assumed that the acetate complexes with alcohols as they 

form. This partly explains the poor selectivity balances (total selectivities sum to 

well below 100%) originally calculated for samples taken at the beginning of 

various runs at low olefin conversions, when the acetate contribution was not 

corrected for. 

The mass contribution in the HOF attributable to C2 acid esters was calculated 

as follows: 

mass of -OOCCH 
-------

3 x ( M w Of c2 acid ester formed) ( 4. 6) 
MW of -OOCCH3 

This calculated heavy component was subtracted from the balance of the HOF, 

and the alcohol component which reacted with the acetate was added to the 

alcohol component for each time period. The reports in the literature using 

organic Co salt precursors (which on dissociation may give rise to carboxylic · 

acids and so influence the HOF analysis) have not employed this type of 

methodology. 

Since C2 acid ester formation involves a secondary reaction of the 

hydroformylation product which is continually corrected for, it is not necessary 
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to model this reaction. The procedure of calculating the amount of C2 acid esters 

formed, as above, subtracting this value from the total HOF, and adding the· 

alcohol component to the total alcohols, thereby allowing the remaining HOF 

and corrected alcohols to be modelled, should suffice. 

The identification of formates in these systems is in line with a report by Wood 

and Garrou [1984]. They studied the effect of tertiary phosphine ligands on 

formate selectivity during hydroformylation. Formate yields of <5% said to be 

observed during most hydroformylation reactions were rationalized from 

observation and isolation of catalytic intermediates by other workers [Heck, 

1964][Milstein and Huckaby, 1982] as being due to CO insertion into the 

RCH20-Co(COhPR3 intermediate and subsequent hydrogenolysis. Wood and 

Garrou observed significant quantities of formates in their reactor products, and 

showed that there exists a dependence of formate selectivity on the steric nature 

of the organophosphine ligand (cone angle) and the reaction pressure. The 

formate yield decreased with decreasing cone angle and decreasing reaction 

pressure. As proof of this, a heptyl formate selectivity (based on the moles of 

1-hexene converted) of 37% using P(C2H5h as ligand compared with 4% when 

using a cyclic phosphine under the same reaction conditions, was reported. The 

results by Wood and Garrou and others [Aldrich and Jonassen, 1963][Polievka 

and Mistrik, 1972] including Marko and Szabo [1961]( who showed that a 35% 

selectivity to formates could be achieved with conventional Co catalysts) 

indicate that formates may be expected in the P modified Co systems. 

4.4.8 Effect of Water on C8..g SLO Hydroformylation 

Because undesired esters result from the presence of carboxylic acids in feeds, 

such acids should be removed. The most common and practical way of removing 

carboxylic acids is by way of an aqueous caustic treatment which may result in 

small quantities of water being present in the feed after subsequent phase 
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separation. In order to ascertain the extent of feed drying required, the effect of 

a significant quantity of water in the feed was tested using a Ca-9 SLO fraction, 

without previous caustic treatment to remove the acids. 

The relevant experiments undertaken and various results are summarized in 

Table 4.11. Due to the feed having a double carbon number, the analysis the C8 

olefins and their products were grouped and treated separately from the C9 

olefins and their products. 

From the results presented in Table 4.11, it appears as if a large quantity of 

H20, if anything, gives rise to beneficial results in terms of kinetics (faster rates). 

Lower paraffin "losses" and better alcohol selectivities appear to be definite 

advantages (see also Figures 4.12 and 4.13). However, the HOF increased in 

the presence of H20. For both runs, the C8 olefins collectively reacted faster 

than the C9's even though the C9 fraction contained only branched olefins. 

Table 4.11 Effect of H20 on CofTOP catalyzed hydroformylation of Ca-9 SLO. 

Run 40 41 

Feed details Ca.9 SLO "broad fraction" Cs.9 SLO "broad fraction" + 
1 0% by volume H20* 

Carbon number Ca Cg Ca Cg 

Rate constant k' (hr-1
} 2.38 2.16 2.52 ·2.23 

{corrected for catalyst concentration) 

Linearities and selectivities of products at 8 hours TOS 

% Overall product linearity 75.5 -... 78.4 -
% 1-decene product linearity 90.0 - 90.1 -

% Paraffin selectivity 14.2 13.4 5.3 3.9 
% Aldehyde selectivity 1.4 0 (tr.) 0.6 0 (tr.) 
% Alcohol selectivity 83.7 85.2 91.3 91.8 
% HOF selectivity 0.9 1.5 2.8 4.3 

* Co acetate precursor was pre-dissolved in the HzO 
**The C9 fraction was distilled so as to remove all the linear nonene. 
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The results are interesting if one considers reports on the effect of water 

described in the literature: 

The effect of water on phosphine modified cobalt hydrocarbonyl systems was 

studied more recently by other workers. A patent by Kohl et al. (1984] reports 

that addition of water accelerates the formation of C16_19 alcohols in 

P((CH2) 11CH3}J modified cobalt hydrocarbonyl hydroformylation systems. Bartik 

et al. (1993] subsequently confirmed this observation when studying the effect 

of H20 on P((CH2)JCH3)3 (or TSP) modified cobalt hydrocarbonyl catalysed 

hydroformylation of 1-octene in a batch reactor. It was claimed that water has a 

dramatic effect on the alcohol / aldehyde distribution, and that the rate of alcohol 

synthesis is greater in the presence of water. The rates of the various reactions 

in Bartik et al.'s report were compared by comparing the reactor contents at 

various reaction times. These differences were reported to be first noticeable 

at 5% by volume of water. At high conversions the effect was still observed, but 

it was not as noticeable. This report is in agreement with the data presented in 

Table 4.11 and Figures 4.12 and 4.13. In addition, water was also shown to 

deactivate unmodified Co carbonyl catalysts by Bartik et al. 

Figure 4.12 Effect of 10% water in the feed on alcohol selectivities with TOS; 

Co/TOP catalyzed hydroformylation of a C8_9 SLO fraction. 
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Figure 4.13 Effect of 10% H20 in the feed on aldehyde selectivities 
with TOS; Co/TOP catalyzed hydroformylation of a Cs.9 
SLO fraction. 
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It is is tempting to explain the observed effects of water on hydroformylation in 

terms of the work undertaken by Karandikar et al. [1987] who studied the effect 

of water on the solubilities and mass transfer coefficients of CO, H2 , CH4 and 

C02 in a heavy fraction of F-T products. It was proven by these workers that 

water promoted improved solubility of these gases at elevated temperatures and 

pressures. 

Given the results obtained with significant quantities of water in the SLO feed 

that was tested in run 41, it appears that caustic washing of the feeds for acid 

removal in aqueous media can be recommended. Subsequent aqueous-organic 

phase separation need not be so precise as to remove traces of H20 or caustic. 

Indeed some H20 in the feed appears to be beneficial. 
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4.4.9. Ligand Comparisons (with TOP) 

The effect of increasing the alkyl chainlength was tested by comparing TOP with 

TBP. In addition, the "bulkier" ligands; bis-PPB (bis-( diphenyl 

phosphinobutane); and EP (which is a mixture of 9 eicosyl-9-phospha (3.3.1) 

bicyclononane and 9 eicosyl-9-phospha (4.2.1) bicyclononane isomers) were 

tested. The relevant structures are represented in Figure 2.12. 

Since the bis-PPB ligand has alkyl and phenyl groups attached to the 

phosphorous atom, it was considered to check the possibility of combining the 

benefits of TPP (faster reaction rates) [Tucci, 1970] and TSP/TOP (better 

product linearity with alkyl phosphines). 

EP ligand was tested due to the patent reports by Mason and van Winkle [1970] 

which indicated suitability for use in modified Co hydroformylation systems. The 

heavier as well bulky structure which has a combination of cyclic and alkyl 

characteristics, made it an interesting ligand for testing. Given the favourable, 

though limited, patent results of Mason and van Winkle, it is surprising that 

follow up work in the open literature using the same or similar "cyclic" 

phosphines was not encountered. It can be speculated that patenting this ligand 

around 1970, some time after the original alkyl phosphine patents by Slaugh and 

Mullineaux in 1966, could be taken to imply an improvement. 

4.4.9.1 TOP versus TBP 

A constant pressure run with TBP ligand and a SLO C10 narrow fraction (for 

purposes of reference termed "A") feed was undertaken for comparison with 

TOP. Relevant results are shown in Table 4.12. 
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Table 4.12 Comparison of TOP and TBP ligands with Co: Constant pressure 

runs. 

Run 32 42 

Ligand TOP TSP 

Feed (unwashed ) SLO C10 narrow fraction (A) (high [acid]) 

KOH:Co molar ratio 0.75: 1 0.75: 1 

Rate constant k' (hr1
) 1.45 1.20 

(corrected for catalyst concentration) 

Linearities and selectivities of products at 6.5 hours TOS 

% Overall product linearity 79.0 79.4 

% 1-decene product linearity 88.3 87.0 

% Paraffin selectivity 10.4 11.5 

% Aldehyde selectivity 2.1 1.9 

% Alcohol selectivity 81.8 81.9 

% HOF selectivity 5.7 6.1 

From Table 4.12, it is evident that decreasing the linear alkyl chainlength of the 

phosphine ligand by four methylene groups did not appear to have a marked 

effect on the hydroformylation performance of the system, especially with 

respect to the product selectivities. A possibility exists that an improvement in 

the reaction kinetics occurred with the TOP ligand. This is surprising, since one 

would expect longer alkyl groups to impose a larger steric constraint. The faster 

reaction with TOP is however not borne out by correspondingly lower product 

linearities. This is may be an effect of the larger ligand size of TOP. 

4.4.9.2 TOP Versus bis-PPB 

A constant pressure run with bis-PPB ligand and a SLO C10 narrow fraction (8) 

feed was undertaken for comparison with TOP. Relevant results are shown in 

Table 4.13 and Figure 4.14. 
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Table 4.13 Comparison of TOP and bis-PPB ligands with Co: Constant 

pressure run (no KOH added). 

Run 30 43 

Ligand TOP bis-PPB 

Feed (low acid content) SLO C10 narrow fraction (8) 

Rate constant k' (hr1
) 1.45 2.04 

(corrected for catalyst concentration) 

Linearities and selectivities of products at 8 hours TOS (complete reaction) 

% Overall product linearity 71.8 60.8 

% 1-decene product linearity 87.2 79.6 

% Paraffin selectivity 11.1 5.9 

% Aldehyde selectivity 0.5 4.2 

% Alcohol selectivity 87.0 88.7 

% HOF selectivity 1.5 1.2 

Figure 4.14 First order rate plots with bis-PPB and TOP: SLO C10 

narrow fraction: Runs 30 and 43. 
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Faster (41 %) first order reaction rates were obtained with the bis-PPB ligand 

compared with TOP. The improved reaction rates with bis-PPB were at the 

expense of product linearity which after 8 hours was 61 % compared with 72% 

with TOP. Reaction selectivities were also effected on changing from TOP to 

bis-PPB. The lower hydrogenation activity and faster reaction rates measured 

with bis-PPB, are consistent with ligand "basicity" theory. Namely, that phenyl 

groups attached to the phosphorous atom should result in the catalyst complex 

being less stable and more reactive compared with linear alkyl phosphines. 

Increased electron density on the Co atom results in the CO groups being more 

strongly bonded [Falbe, 1970]. When CO groups are strongly attached to the Co 

centre, the hydridic character of the complex increases, which consequently 

results in higher hydrogenation activity [Falbe, 1970]. This was observed with 

tri-alkyl phosphine ligands. The reverse holds when the carbonyls are less 

stable. These results are in line with Tucci's report [1970] on the effect of ligand 

structure on the hydroformylation of 1-hexene in which it was shown that ligands 

of low basic character, for example TPP, favour faster reaction rates. Tucci 

attributed rate differences to 5-donor effects rather than steric effects for the 

following ligand series: PPh3 (=TPP); PPh2Et; PPhEt2; P8u3 (=TSP). If one 

considers the results of Tucci's study, it is evident that an approximately linear 

relationship between product linearity and ligand basicity occurs when using a 

P:Co molar ratio of 1 as demonstrated in Figure 4.15. According to Tucci, there 

is an approximately linear, but inverse relationship between ligand basicity and 

reaction rate. 

Tucci also found relationships between the ligand basicity, reaction rate and 

Ligand :Co molar ratio as demonstrated in Figure 4.16. He showed that the 

relationship between reaction rate and ligand basicity was approximately linear. 

This implies that an approximately linear relationship between rate and product 

linearity is to be expected. Given Tucci's results in Figure 4.16 it is interesting 

that the rates with the bis-PPB ligand were so much higher than with TOP, since 
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the P:Co ratio used with the bis-PPB was 4. This can be taken as indirect 

evidence that with the bis-PPB ligand, both P's were not linked to the same Co 

atom. 

Figure 4.15 Relationship between product linearity and phosphine 
basicity [Tucci, 1970]: Ligand:Co ratio= 1. 
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Figure 4.16 Relationship between ligand structure, P:Co ratio, and 
rate according to Tucci [1970]. 
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4.4.9.3 TOP Versus EP 

4.4.9.3.1 Hydroformylation Performance 

The EP ligand was tested with a SLO C10 broad fraction (A) in run 44 for 

comparison with run 31 using TOP. Various results are summarized in Table 

4.14, and illustrated by way of Figures 4.17 to 4.20. 

Table 4.14 Comparison of TOP and EP ligands with Co: Constant pressure 

runs. 

Run 31 44 

Ligand TOP EP 

Feed ("unwashed") SLO C10 broad fraction (A) 

KOH:Co molar ratio O: 1 0.75: 1 

Rate constant k' (hr1
) 1.69 3.53 

(corrected for catalyst concentration) 

Linearities and selectivities of products at 8 hours TOS 

% Overall product linearity 55.9 52.9 

% 1-decene product linearity 83.8 84.6 

% Paraffin selectivity 10.0 3.0 

% Aldehyde selectivity 1.4 3.7 

% Alcohol selectivity 85.9 90.6 

% HOF selectivity 2.9 2.8 

A marked improvement in the reaction rates and selectivities (without 

compromising linearity) was achieved with EP implying that the relationship 

between linearity and activity (ie. basicity) is absent. The improved reaction 

selectivity is particularly relevant to the paraffin selectivity differences (see 

Figure 4.18). 
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Figure 4.17 Comparison of first order rate plots obtained with TOP and 
EP ligands: Using a SLO C10 broad fraction as feed. 
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Figure 4.18 Comparison of aldehyde, paraffin and HOF selectivities with 
TOS obtained with TOP and EP ligands: SLO C10 broad fraction 
as feed. 
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Figure 4.19 Comparison of alcohol selectivities with TOS obtained 
with TOP and EP ligands: SLO C10 broad fraction as 
feed. 
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Figure 4.20 Comparison of product linearity with TOS obtained 
with TOP and EP ligands: SLO C10 broad fraction as 
feed. 
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Figures 4.17 to 4.20 demonstrate the superiority of the EP ligand. If one 

considers the linearity profiles, it does appear as if linearity drops off with time 

for both ligands. This indicates the presence of less reactive olefins (possibly 

branched and/or internal olefins) which may react more slowly and give rise to 

branched alcohols. This would presumably affect the first order rate constant for 

olefin consumption. This effect is however small as evidenced by the linear 

nature of the plots of -In( 1-C) against time and the relatively flat nature of the 

curves in Figure 4.17. 

Reports dealing with EP, or similar ligands are limited to patents by Mason and 

van Winkle et al., [1968, 1970] and van Winkle et al., [1969, 1971 ], which mainly 

deal with structural and synthesis aspects of these "ditertiary" phosphines. 

Furthermore, the examples cited in the relevant patents contain few comparative 

hydroformylation examples. Given this background, testing the EP ligand with 

cobalt could make an interesting subject for further study. 

The superiority of the EP ligand compared with TOP (and the other ligands 

tested) is shown in Table 4.15. 

4.4.9.3.2 Structural Differences 

Clearly from the results presented in Section 4.4.9.3, the results with EP signify 

a departure from Tucci's inverse relationship between linearity and rate. This 

relationship is based on ligand basicity. EP probably has more in common 

electronically with P-i-Pr3 than the other ligands in Figure 4.15. The electronic 

differences alone can therefore not adequately explain the superior performance 

of EP. This implies that the structure of the EP ligand probably also plays an 

important role. 
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Table 4.15 Qualitative comparison of ligands studied in Chapter 4 relative to 

TOP. 

Ligand \ TOP TBP . bis-PPB EP 

"relative" value* 

Rates (1) (0.83) (1.41) (2.09) 

(relative to TOP) 

% 1-decene product linearities (1) (0.99) (0.91) (1.01) 

(relative to TOP) 

%*(Aldehyde+ Alcohol) selectivities (1) (0.99) . (1.06) (1.08) 

(relative to TOP) 

%Paraffin selectivities (1) (1.11) (0.53) (0.30) 

(relative to TOP) 

%HOF selectivities (1) (1.07) (0.80) (0.97) 

(relative to TOP) 

Notes: 

TOP: Similar structure to TBP. 

TBP: Not suitable for recycling using distillation. 

bis-PPB: Has aryl chara.cter (less basic than linear alkyl phosphines). 

EP: Cyclic alkyl phosphine: Overall hydroformylation superiority is evident. 

*For example: A value of say, (0.5), represents half the the value obtained with TOP (1). 

In order to more effectively "picture" differences between the linear and cyclic 

alkylphosphines, various 3-D ligand and catalyst complex structures were 

constructed with Biosym® molecular modelling software. See Figures 4.21 to 

4.25. 

The catalyst complexes having two carbdnyls attached to the Co atom are 

assumed to be 11active" for hydroformylation [Falbe, 1980][Chern and Helfferich, 

1990]. In order to highlight the structural differences more clearly, shorter alkyl 

chains, having four methylene groups were used for the structures. "Ball and 

stick" structures are also shown, in which the atoms are given the same size. 

., ' 
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Atoms in the structures were given the following colours: 

Phosphorous Purple 

Carbon Green 

Hydrogen White I blue 

Oxygen Red 

Cobalt Yellow 

Figure 4.21 Structure of HCo(C0)3TBP complex. "Ball and stick" as well as 

"actual" representations. 
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Figure 4.22 Structure of HCo(COhTBP complex. 

Figure 4.23 Structure of "EP". (Alkyl chainlength shortened to four carbons). 
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Figure 4.24 Structures of HCo(CO)iPhosphine complexes. Comparison of 

cyclic and linear alkyl phosphine modified hydrocarbonyls. 

Figure 4.25 Structure of HCo(CO)i"EP" complexes. "Ball and stick" as well as 

"actual" representations. 
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In Figure 4.21 which. represents a HCo(COhTBP complex, the Co atom is 

completely obscured. For an olefin to co-ordinate to the Co, at least one of the 

carbonyls would have to be dislodged. This may serve as confirmation that the 

corresponding "active" catalyst complex is more likely to be of the form 

HCo(COhTBP, as represented in Figure 4.22. 

From Figure 4.24, it is evident that the catalyst complexes with "EP" do not 

appear to pose a higher steric constraint than those employing the linear alkyl 

phosphine. Indeed, one would expect more successful collisions between the 

olefin and the Co with the EP catalyst, as the catalyst complex has a more 

streamlined or compact structure. This may in part explain the higher reaction 

rate (without sacrificing linearity) observed with EP. It is also possible that the 

EP complexes are more "rigid" and are also less stable due to "ring stress" 

associated with the cyclic phosphine structure. 

4.5 CONCLUSIONS 

Repeatability of data was established early on, which allowed subsequent 
. 

comparisons to be made with confidence. 

The kinetics of olefin consumption were shown to be approximately first order 

with respect to the total olefin content. This first order relationship was 

demonstrated to be relatively independent of the olefin distribution in the feed, 

as it was shown to hold for narrow as well as broad F-T fractions. 

Faster r.eaction rates were obtained when using SLO fractions compared with 

1-decene feeds with the Co/TOP catalyst. This may be due to better gas-liquid 

mixing caused by the more polar SLO reaction medium or "solvent". 

The hydroformylation system appears to be relatively insensitive to changes in 
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syngas pressure and composition. This was demonstrated by using commercial . 

syngas. The results demonstrate that the F-T and hydroformylation processes 

can be integrated, so as to utilize the same syngas source. 

No clear link could be ascertained between the presence of alkali (KOH), and 

base catalyzed condensation products which are often reported in these types 

of hydroformylation systems. Placing this result in the context of the report by 

Kummer et al., [1972], which states that KOH can prolong the catalyst lifetime, 

may be taken to imply that KOH is a suitable additive. 

Carboxylic acids were demonstrated to contribute to a larger HOF, which 

indicated that they should be removed from F-T products before use as 

hydroformylation feeds. 

Due to the fact that "washing" with aqueous caustic is an effective way of 

removing carboxylic acids, the effect of water on hydroformylation was screened. 

It was demonstrated that the presence of water (10% by volume) gave beneficial 

results in terms of hydroformylation rates and product selectivities. This 

indicates that feed "drying" is not an important parameter for these 

hydroformylation systems. 

TBP, bis-PPB and EP ligands were compared with the TOP ligand. 

Of these, EP gave superior results in terms of rate and selectivity. This was 

achieved without compromising the product linearity. The results indicate a 

departure from previous theories which linked increased product linearity with 

a decrease in the reaction rate. These differences can be ascribed to the 

physical structure of the EP ligand and resultant catalyst complex structure. 
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The results presented in this chapter may be taken to imply that the Co/TOP 

systems tested were fairly insensitive to the changes made, which is indicative 

of a robust catalyst and good F-T feed-catalyst compatibility. The EP ligand did 

however give markedly better results. It was therefore decided to undertake 

further work with this ligand. 
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EP MODIFIED Co SYSTEMS 
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5 EP MODIFIED Co CATALYST SYSTEMS 

5.1 INTRODUCTION 

From the data presented in Chapter 4, the EP ligand appears to have a more 

beneficial effect than the n-alkyl phosphines with regards to rates and 

selectivities. It was therefore decided to further investigate this ligand, and 

specifically undertake work which was not previously reported for Co/EP 

systems. Where obvious differences between results obtained with the n-alkyl 

phosphine (TOP) and EP existed, these are pointed out. 

In the constant pressure experiments listed in Table 5.1, the following aspects 

were investigated: 

1) Addition of KOH; 2) EP:Co ratio; 3) Pure 1-decene versus SLO feeds; 4) 

Testing of C10 and various SLO C11_12 fractions in order to monitor the effects of, 

4.1) olefin chainlength and distribution, 4.2) catalyst concentration, 4.3) 

reactivity of olefin structures in SLO and 4.4.) formulation of a kinetic expression 

describing olefin consumption; 5) Temperature study; 6) Syngas composition 

and pressure. 

1-Decene experiments were performed from time to time so that the reactions 

could be monitored more easily because of the simplified analysis compared to 

SLO. The effect of changing the above parameters on the reaction kinetics and 

selectivities was considered. The kinetic expression describing olefin reactivity 

in these systems was expanded upon to include the effect of olefin chainlength, 

Co concentration, temperature and syngas composition. This is a common 

thread throughout this chapter. 

Various results are listed in Tables 5.2 to 5.4.2. As undertaken in Chapter 4, 

various details in these tables are summarized into mini tables which are 

included in the discussion text. This is to facilitate easier comparisons and assist 

the reader. 
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5.2 Co/EP SYSTEMS: CONSTANT PRESSURE RUNS UNDERTAKEN 

Table 5.1 Reactions undertaken with Co/EP catalysts. 

Run [Col] IJM Feed composition H2:CO Pressure Temp. Additives: 

g/100ml Molar (volume/volume) Molar bar (g) ·c KOH/LAS/Co 

ratio ratio molar ratios 

44 0.260 2 SLO C,0 broad (A) 2 75 170 0.75/ - /1 

45 0.250 2 70% 1-decene/30% n-octane 2 75 170 0.751-/1 

46a 0.21 2 70% 1-decene/ 30% n-hexadecane 2 75 170 0.75/ - /1 

46b 0.07 2 46a reactor contents (:1:67ml) 2 75 170 0.75/ - /1 
+ 1 OOml 1-undecanal 

47a 0.208 2 70% 1-decene/ 30% n-hexadecane 2 75 170 -
47b 0.208 2 70% 1-decene/ 30% n-hexadecane 2 86 170 -

(13°/oC02 ) 

48 0.20 2 70% 1-decene/ 30% n-hexadecane 2 75 170 -
49a 0.104 0.5 70% 1 ·decene/ 30% n-hexadecane 2 75 170 . 

49b 0.104 1 70% 1-decene/ 30% n-hexadecane 2 75 170 . 

49c 0.104 2 70% 1-decene/ 30% n-hexadecane 2 75 170 -

50a 0.13 2 SLO C,,.12 broad (A) 2 75 170 0.75/ -/1 

50b 0.170 2 SLO C 11.,2 broad (A) 2 75 170 0.75/ - /1 

51 0.100 2 SLO C 11•12 broad (B) 2 75 170 0.7510.111 

52 0.160 2 SLO C 11•12 broad (C) 2 75 175 . 

53 0.260 2 SLO C 11• 12 broad (0) 2 75 170 . 
54a-d Temperature runs with •aged" SLO C,0 feed: (Detailed data not presented) 

55a 0.160 2 SLO C 11•12 broad (E) 2 75 155 . 
55b 0.160 2 SLO C 11•12 broad (E) 2 75 165 -
55c 0.160 2 SLO C 11•12 broad (E) 2 75 175 . 
55d 0.160 2 SLO C 11•12 broad (E) 2 75 185 -
55e 0.160 2 SLO C 11•12 broad {E) 2 75 195 -
55f 0.61 2 50% of reactor 55b product/ 2 75 165 -

50% SLO C,1-12 broad (E) 

55g 0.061 2 50% of reactor 55e product/ 2 75 195 -
50% SLO C,,.12 broad (E) 

56a 0.208 2 70% 1-decene/ 30% n·hexadecane 0.5 45 170 . 
Pco =30 bar; PH, =15 bar 

56b 0.208 2 70% 1-decene/ 30% n·hexadecane 1 60 170 . 
P co =30 bar; PH, =30 bar 

56c 0.208 2 70% 1-decene/ 30% n-hexadecane 2 90 170 -
P.,0 =30 bar; P..., =60 bar 

56d 0.208 2 70% 1-decene/ 30% n-hexadecane 2 45 170 -
Pco =15 bar: P,..2 =30 bar 

56e 0.208 2 70% 1-decene/ 30% n-hexadecane 0.5 90 170 -
P co =60 bar; P ,..2 =30 bar 

57 0.10 2 70% 1-octadecene /30% n-hexadecane 2 75 170 0.7510.1/1 
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5.3 Co/EP SYSTEMS: RESULTS OF CONSTANT PRESSURE RUNS 

The results are summarized by way of Tables 5.2, 5.3, 5.4.1 and 5.4.2 below 

Table 5.2 Gas breakdown of runs undertaken in Table 5.1. 

Run Gas composition Pea Pea2 Pea Pea2 PH2 PAr P.., 
(As supplied/ specified initial initial final final initial initial final 
bv manufacturer) bar la\ 

44 ±33%CO; ±66%H2 25 - "27.8 - 50 - "47.2 

45 ±33%CO; ±66%H2 25 - 0 25.8 - 50 - 0 49.23 

46a ±33%CO; ±66%H2 25 - - 50 -
46b ±33%CO; ±66%H2 25 - - 50 -
47a ±33%CO; ±66%H2 25 - - 50 -
47b :1:5%Ar; ±10%C02; 24.4 8.6 48.9 4.3 

±28.3%CO; ±56. 7%H2 "26.0 "9.7 "24.8 ·12.2 "45.8 "4.7 "42.8 

48 ±33%CO; ±66%H2 25 - - 50 -
49a ±33%CO; ±66%H2 25 - - 50 -
49b ±33%CO; ±66%H2 25 - - 50 -
49c ±33%CO; ±66%H2 25 - - 50 -
50a ±33%CO; ±66%H2 25 - - 50 -
50b ±33%CO; ±66%H2 25 - - 50 -
51 ±33%CO; ±66%H2 25 - - 50 -

52 ±33%CO; ±66%H2 25 - - 50 -

53 ±33%CO; ±66%H2 25 - - 50 -

55a-g ±33%CO; ±66%H2 25 - - 50 -
56a ±66%CO; ±33%H, 30 - - 15 -
56b ±50%CO; ±50%H, '30 - - 30 -

56c ±33%CO; ±66%H2 30 - - 60 -

56d ±33%CO; ±66%H2 15 - - 30 -

56e · ±66%CO; ±33%H2 60 - - 30 -

57 ±33%CO; ±66%H2 25 - - 50 -

°Calculated on the basis of reaction selectivities and moles of olefin converted. 
*Measured (from gas ampule samples). 

PAr P(total) 
final 

-

-

-

-

-

"5.7 

-

-

-

-
-
-
-
-
-
-
-

-

-
-
-
-

DClear blocks in the table assume that final values are ± equal to initial values. Gas passed 
continuously through the system 

75 

75 

75 

75 

75 

86.3 
86.2 

75 

75 

75 

75 

75 

75 

75 

75 

75 

75 

45 

60 

90 

45 

90 

75 
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Table 5.3 

Co/EP Catalyst Systems 

Breakdown of olefins measured in Feed: Runs described in Table 
5.1. Measured Rate constants (k) from plots of ln(1-C) versus time. 

Mass % in Feed % Col k 
olefin olefin 

Run linearity mass 
Total Total linear br. Total linear br. Inerts ratio 
olefin a- a- a- int. int. int. 

olefin olefin olefin olefin olefin olefin 

44 :c,. 48.6 46.9 29.9 16.9 1.7 1.7 - 51.4 60.4 0.35 0.98 

45 :c,. 69.3 68.7 68.7 - 0.64 0.64 - 30.7 100 0.27 0.88 

46a :C10 66.6 65.5 64.5 0.93 1.2 1.2 - 33.4 98.6 0.24 0.81 

47a :C,0 69.5 68.1 67.4 0.68 1.3 1.3 - 30.5 99.0 0.23 1.61 

47b :c,. 72.1 70.8 70.1 0.70 1.4 1.4 - 27.9 99.0 0.22 1.45 

48 :c,. 69.4 68.0 67.5 0.70 1.2 1.2 . 30.6 98.0 0.29 1.51 

49a :C,0 66.5 65.3 64.3 1.0 1.1 1.1 - 33.5 98.5 0.12 1.64 

49b :c,. 65.9 64.8 63.7 1.1 1.1 1.1 . 34.1 98.4 0.12 1.59 

49c :C,0 71.6 70.3 69.2 1.1 1.3 1.3 . 28.4 98.42 0.11 0.94 

50a :C,, 29.0 27.0 19.8 7.3 2.0 1.3 0.68 51.5 65.9 0.37 0.43 
50a :C,2 19.4 14.1 7.3 12.0 0.12 0.12 . 38.1 0.70 0.35 

50b :C,, 29.0 26.8 19.4 7.4 2.2 1.4 0.84 51.2 71.5 0.47 0.56 
50b :C12 19.6 19.0 7.4 11.6 0.57 0.57 . 40.8 0.67 0.48 

51 :c,, 16.21 14.04 8.6 5.4 2.2 1.6 0.56 55.1 53.1 0.53 0.39 
51 :c,, 28.71 23.88 13.9 1003 4.8 2.2 2.6 48.2 0.31 0.29 

52 :C,, 27.1 22.2 19.6 2.6 4.9 4.7 0.20 46.7 89.6 0.54 1.03 
52 :C12 26.2 17.1 6.8 18.5 9.0 0.87 29.2 0.69 0.55 

53 :c,, 16.7 12.2 8.9 3.3 4.6 1.6 3.1 48.0 59.9 1.22 0.85 
53: c,, 31.4 21.6 13.1 8.5 11.4 2.3 9.1 47.6 0.71 0.78 

55a :C,, 30.2 24.1 21.4 2.7 7.1 5.9 1.2 48.9 87.5 0.49 0.36 
55a :C,2 19.4 14.3 8.3 8.1 3.1 1.42 1.7 55.8 0.72 0.27 

55b :C,, 29.6 23.4 20.4 3.0 6.3 5.5 0.79 50.4 87.2 0.50 0.58 
55b:C12 20.0 16.7 8.8 7.9 3.3 2.4 0.87 56.1 0.71 0.46 

55c :C,, 29.7 24.2 20.9 3.3 5.5 5.1 0.40 50.0 87.6 0.49 1.15 
55c :C12 20.3 17.1 8.9 8.2 3.2 2.4 0.84 55.3 0.69 0.95 

55d :c,, 29.8 23.6 20.4 3.2 6.3 5.5 0.79 50.7 86.6 0.50 1.63 
55d :c,, 19.5 16.6 8.7 7.9 2.9 2.9 . 59.4 0.71 1.21 

55e :C,, 31.0 24.4 20.6 3.8 6.6 5.7 0.90 49.9 84.7 0.48 1.78 
55e :C,2 20.1 16.9 8.5 8.5 3.2 2.4 0.78 54.7 0.70 1.45 

55f :c,, 19.9 15.7 13.6 2.1 4.2 3.7 0.53 67.1 86.6 0.33 0.22 
55f :C12 13.0 11.1 5.8 5.3 2.0 2.0 - 59.4 0.47 0.18 

55g :C,, 23.3 18.0 16.0 2.0 6.3 5.2 1.0 60.5 91.3 0.33 0.25 
55g :c,, 16.2 13.5 7.6 5.8 2.8 1.6 1.2 56.7 0.44 0.14 

56a :C,0 66.7 65.3 64.3 0.98 1.4 1.4 . 33.3 98.5 0.24 0.23 

56b :c,. 67.5 66.2 65.1 1.1 1.3 1.3 0.54 32.6 98.4 0.24 0.86 

56c :C,0 63.4 62.0 61.0 0.97 1.4 1.4 . 36.6 98.5 0.25 1.21 

56d :c,. 67.8 66.6 65.5 1.1 1.3 1.3 . 32.2 98.4 0.23 1.02 

56e 73.7 71.8 71.4 0.63 1.9 1.4 0.54 26.3 98.4 0.22 0.96 

57 :c,, 65.6 65.6 64.6 1 . . . 34.4 98.5 0.17 0.20 

k' 

3.79 

3.53 

3.93 

7.74 

6.96 

7.55 

15.79 

15.31 

8.69 

3.22 
2.63 

3.34 
2.83 

3.87 
2.87 

6.50 
3.48 

4.09 
3.76 

2.29 
1.72 

3.70 
2.90 

7.34 
6.08 

9.37 
6.88 

11.21 
9.24 

3.62 
2.95 

3.15 
1.83 

1.1 

4.62 

5.50 

4.90 

4.62 

1.97 
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Table 5.4.1 Conversions and selectivities based on the total olefins converted 
at time 1 {as indicated below). 

Run Time Total % Linear % Overall Paraffin Aldehyde Alcohol HOF 
(hours) olefin a-olefin form. selectivity selectivity selectivity selectivity 

converted ~roduct .ct (%) (%) (%) (%) 
(%) inearity' 

44:C10 2.0 88.0 86.1 59.3 4.7 7.5 85.6 2.2 

45:c10 2,08 81.2 94.9 92.0 7.3 7.4 84.3 1.1 

46a :C,0 2.0 78.7 89.9 89.9 6.9 11.2 78.9 2.9 

46b 2.0 . . . . . - . 
47a :C10 2.0 96.8 90.8 81.3 7.2 5.1 87.4 0.35 

47b :c,. 2.0 94.0 93.2 84.1 7.2 0.31 85.6 1.6 

48:C10 2.0 94.5 90.8 83.7 69.6 8.1 83.5 1.5 

49a :c,. 2.0 94.2 74.8 58.3 6.4 52.3 38.5 2.8 

49b :c,. 2.0 88.0 82.4 68.5 6.3 41.6 52.1 0 

49c :C,0 2.0 79.4 91.8 83.8 6.58 17.2 76.2 0 

50a :C11 2.0 60.6 88.3 51.3 3.9 21.4 73.8 0.86 
50a :c,2 59.2 87.8 42.7 2.1 22.0 75.1 0.97 

50b :C11 2.0 73.3 85.6 56.4 0.66 25.7 72.9 0.70 
50b :C,2 62.9 80.1 39.5 2.4 27.2 70.1 0.39 

51 :c., 2.0 38.7 87.8 46.6 1.6 63.0 34.6 1.4 
51 :C,2 28.6 85.1 35.3 1.8 46.3 50.8 1.0 

52 :C11 2.25 92.1 87.2 71.8 2.2 4.6 92.6 0.59 
52 :C,2 79.4 95.7 30.6 3.0 7.3 89.5 0.24 

53: C11 2.0 82.0 86.8 59.6 2.7 6.5 90.0 0.74 
53: C,2 78.8 85.3 46.7 2.0 9.9 82.3 0.89 

55a :C11 2.0 55.5 91.5 67.9 7.3 28.9 63.6 0.20 
55a :C,2 46.7 81.8 37.5 8.5 25.8. 65.5 0.18 

55b :C11 2.0 74.4 88.4 71.2 3.9 25.1 70.4 0.57 
55b:C12 67.4 93.9 54.1 5.3 20.3 74.2 0.17 

55c :C11 2.0 89.6 88.g 68.8 5.1 8.9 85.1 I 0.84 55c :C12 84.1 90. 46.8 4.8 8.2 86.8 0.25 

55d :C11 2.0 95.8 84.9 72.0 1.5 5.5 92.4 0.63 
55d :C,2 91.3 93.4 59.0 1.8 4.1 93.6 0.55 

55e :C11 2.0 96.4 85.5 63.4 5.0 3.9 88.5 2.6 
55e :C12 93.6 85.9 37.7 5.0 7.2 86.6 1.3 

55f :C11 2.0 50.3 89.3 73.5 1.7 8.9 88.3 1.0 
55f :c,. 49.3 91.5 56.12 2.1 11.3 86.3 0.2 

55g :C11 2.0 42.8 84.06 57.5 1.8 48.6 47.3 2.3 
55g :C12 33.1 84.86 27.3 2.8 41.1 55.2 0.88 

56a 2.0 39.0 87.5 76.1 2.7 25.6 70.4 1.3 

56b 2.0 73.2 90.1 82.9 3.3 25.8 70.2 0.69 

56c 2.0 85.3 93.54 86.7 8.1 4.5 86.8 0.59 

56d 2.0 92.6 92.69 85.2 6.5 7.1 85.8 0.66 

56e 2.0 83.6 75.7 59.0 4.2 24.0 71.8 0.00 (tr.) 

57 :c,. 2.0 37.6 94.3 70.8 . 57.3 38.6 4.1 
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Table 5.4.2 Conversions and selectivities based on the total olefins converted 
at time 2 (as indicated below). 

Run Time Total %Linear %Overall Paraffin de Alcohol HOF 
(hours) olefin a-olefin hydroform. selectivity 'ty selectivity selectivity 

converted uroduct uroduct (%) ) (%) (%) 
(%) nearity• inearity 

44:C10 6.16 99.91 84.6 52.9 2.9 3.6 88.8 4.7 

45 :C10 6.08 98.99 94.8 90.6 6.9 0.54 90.5 2.1 

46a: C,0 6.0 99.87 93.8 88.8 7.3 0.47 90.6 1.6 

46b 6.0 . . - . . . -
47a :C,0 6.08 100 90.0 80.4 7.0 0.24 92.2 0.60 

47b :C,0 6.0 100 92.6 84.8 6.0 0.31 93.4 0.31 

48 6.0 100 90.2 86.2 8.2 0.0 (tr.) 90.2 1.6 

49a :C,0 6.0 100 74.0 57.4 6.1 1.1 98.0 4.8 

49b :C,0 6.0 100 81.3 67.0 5.4 1.1 93.5 0.01 

49c: C,0 6.0 99.6 90.8 82.0 6.2 0.63 93.0 0.14 

50a :C11 6.0 91.6 89.4 61.2 5.8 3.4 89.6 1.2 
50a :C12 86.9 87.6 43.3 1.9 6.8 90.1 1.2 

50b:C,1 5.5 94.7 84.0 56.4 3.1 6.3 89.0 1.6 
50b :C12 93.1 80.1 37.5 3.0 14.2 82.0 0.84 

51 :c,, 6.25 88.8 90.3 51.9 2.1 21.2 76.3 0.40 
51 :C,2 81.8 85.3 39.7 1.0 12,2 86.4 0.38 

52 :C11 6.0 97.6 87.3 70.0 3.2 1.5 93.6 1.7 
52 :C12 89.6 95.1 27.6 2.8 8.0 88.6 0.66 

53: c,. 6.0 94.1 85.0 54.2 2.4 2.5 94.8 0.42 
53: C12 92.3 83.7 42.5 1.7 1.0 96.8 0.53 

55a :C,, 6.33 90.3 90.0 67.9 4.5 7.3 .5 2.6 
55a :C12 80.8 84.8 37.5 4.2 12.8 .0 2.0 

55b :C11 6.25 95.6 86.6 71.2 3.1 5.7 91.0 0.1~ 55b :C12 90.0 92.0 54.1 4.1 6.8 89.1 0.0 

55c :C11 6.0 99.9 86.2 68.8 2.8 3.0 93.0 1.2 
55c :C,2 99.9 84.2 46.8 1.8 5.4 92.6 0.24 

55d :C11 6.25 97.9 85.6 72.0 0.91 5.6 92.9 0.6 
55d :C,2 97.1 92.9 59.0 4.2 3.5 91.8 0.53 

55e :C11 6.33 99.8 85.2 63.4 0.34 4.3 94.4 0.94 
55e :C12 99.5 87.1 37.7 2.0 7.3 90.4 0.40 

55f :C11 6.50 90.4 87.4 73.4 3.1 6.7 89.8 0.34 
55f :C,, 87.3 83.9 53.8 3.6 9.4 86.6 0.51 

55g :C11 6.0 74.3 83.5 61.9 3.2 23.6 68.3 4.9 
55g :C,, 55.7 85.3 26.0 2.9 20.1 75.1 1.9 

56a: C,0 6.0 64.2 81.8 69.0 2.7 11.8 82.0 3.6 

56b: c,. 6.0 99.7 88.8 80.9 2.5 1.5 93.0 3.0 

56c: C,0 6.0 100 93.3 86.2 7.7 0.53 90.3 1.4 

56d: C,0 6.0 99.8 92.3 84.4 6.1 0.51 91.1 2.2 

56e: 6.0 99.65 84.04 71.0 2.3 2.3 93.8 1.6 

57 :c,. 6.0 66.9 93.6 80.6 13.4 12.3 74.0 0.34 
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5.4 DISCUSSION OF RESULTS: Co/EP CONSTANT PRESSURE RUNS 

5.4.1 KOH Effects 

Mason and van Winkle [1970] used KOH with the EP ligand in the example 

dealing with EP in their patent. These workers did not give a reason for their use 

of KOH. It was previously shown, in Chapter 4, that KOH does not markedly 

effect the kinetics of Co/TOP systems (see Section 4.4.6). Nevertheless, it was 

decided to check the effect of KOH on Co/EP catalyst systems. 

As undertaken previously with the TOP runs, KOH was added as a solid powder 

(see Section 2.2.3.3) to the reactor prior to starting the reactions. 

KOH had a marked effect on the reaction kinetics with the Co/EP system, as 

demonstrated in Figure 5.1 and Table 5.5. 

Figure 5.1 Kinetic effect of ligand type and KOH on a 1-decene 
feed: TOP and EP ligands. 
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Table 5.5 Comparison of linearities and rates for runs as shown in Figure 

5.1: Possible effect of KOH on Co/EP systems. 

Run 33 36 45 46a 47a 48 

Ligand TOP EP 

Feed 1-Decene 

KOH:Co molar ratio 0.75: 1 0: 1 0.75: 1 0.75: 1 0: 1 0: 1 

k' (hr1
) 0.90 0.98 3.53 3.93 7.74 7.55 

Rate constant corrected for 

catalyst concentration 

Linearities and Selectivities at 6 hours TOS 

% Linear a-olefin product 90.6 90.5 94.8 93.8 90.0 90.2 

linearity 

% Paraffin selectivity 12.1 13.5 6.9 7.3 7.0 8.2 

% Aldehyde selectivity 4.8 3.2 0.54 0.47 0.24 0.0 (tr.) 

% Alcohol selectivity 82.1 81.7 90.5 90.6 92.2 90.2 

% HOF selectivity 1.0 1.6 2.1 1.6 0.6 1.6 

The hydroformylation reaction rates were considerably lower in the presence of 

KOH for the Co/EP catalyst. The higher reaction rates are associated with 

somewhat lower alcohol product linearities. 

The results obtained with Runs 52 and 53, undertaken in the absence of KOH, 

confirm that the observations on the effect of KOH on pure C10 feeds using the· 

EP ligand, can be extended to SLO fractions. (See Table 5.8 in Section 5.4.4). 

The reaction rates for these runs are considerably higher (approximately 30%) 

than for the runs undertaken with KOH. The reactions still remain approximately 

first order with respect to the total olefin content as observed with previous SLO 

experiments. 

Increased ligand basicity has been linked to lower catalyst activity and increased 

product linearity (See Figures 4.15 and 4.16). Since KOH is a base, one may 

. --·---··· -·· _______ ___, 
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speculate that it effectively increases the basicity of the Co/EP system, or the EP 

ligand, and hence results in lower activity. 

5.4.2 Ligand :Co Molar Ratio Effect 

The results of Tucci [1970], demonstrated that for linear alkylphosphine ligands 

(for example TSP), the P:Co molar ratio did not play a significant role between 

ratios of 1 and 2 (see Figure 4.16). Tucci demonstrated that this was not the 

case with less basic ligands such as TPP. Given the deviation from expected 

behaviour observed with EP, it was decided to test the effect of changing the 

EP:Co molar ratio. 

Runs 49a-c were undertaken in this regard. A summary of the relevant reactions 

and results are listed in Table 5.6 (as well as in Tables 5.4.1 and 5.4.2). 

Table 5.6 Summary on the effect of changing the EP:Co molar ratio. 

Run 49a 49b 49c 

Feed (volume I volume) 70% 1-decene I 30% n-hexadecane 

Initial EP:Co molar ratio 0.5 1 2 

k (where -r01eiin=k[olefin] 1.64 1.59 0.94 

Linearities and Selectivities at 6 hours TOS 

% 1-Decene product linearity 74 81 91 

% Overall linearity of alcohols 57 67 82 

% Paraffin selectivity 6.2 5.4 6.4 

% Aldehyde selectivity 1.1 0.3 0.4 

% Alcohol selectivity 89.4 93.4 93.4 

% Heavy selectivity 3.2 0.9 0 

% Error in selectivities 4 5 3 

[Co] expected in final product (ppm) 1038 1038 1038 

(Co] measured in final product (ppm)* 407 956 1022 

* indication of soluble cobalt 
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The increase in reaction rates coupled with decreasing product linearity 

associated with lower EP:Co ratios, are consistent with the trends shown in 

Figures 4.15 to 4.16. 

An additional observation is that these findings are consistent with runs 

undertaken with "aged" SLO feeds (runs 54a-d in Table 5.1 ). Feed ageing in the 

presence of air results in peroxide formation, and these were measured in the 

"aged" feeds [Kindermans, 1995]. Peroxides would destroy the ligand by 

oxidation, thus lowering the EP:Co ratio. 

The measured cobalt concentration may be taken as an indication of the soluble 

cobalt content in the reactor liquids after depressurization. This in turn may be 

taken as an indirect measure of catalyst complex stability ie., less Co deposition 

would result from more stable EP modified hydrocarbonyls. From Table 5.6, it 

appears that increasing the EP:Co ratio resulted in less Co deposition after 

reactor depressurization. Lower amounts of EP ligand therefore give rise to 

lower overall catalyst stabilities with resultant higher activities. The reliability of 

cobalt in solution determinations for EP modified Co systems for various runs 

described in Table 5.1, is illustrated by way of Figure 5.2. Differences in the 

expected and measured cobalt concentrations can be ascribed to an inaccuracy 

in the UV-VIS calibration curve. 

Surprisingly, and with the exception of the HOF, the reaction selectivities were 

not markedly affected by changing the EP:Co ratio. If lowering the amount of 

ligand relative to cobalt had the effect of the system approaching conventional 

or unmodified catalyst behaviour, then one would expect lower and higher 

alcohol and aldehyde selectivities for runs 49a and 49b. This however was not 

the case. Alcohol linearity did follow the expected trend, namely that of lower 

linearity at higher reaction rates. 
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Figure 5.2 Cobalt concentration in reactor liquids, for various Co/EP runs. 
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The first order rate constants (in Table 5.6) were calculated from the slopes of 

the linear plots in Figure 5.3. The lines for the different EP:Co molar ratios do 

not pass through the origin, which could be taken to imply slower rates of 

catalyst formation particularly at lower EP levels. 

The effect of altering the EP:Co ratio on the alcohol linearity and first order rate 

constant for olefin consumption (k) can also be demonstrated by way of Figure 

5.4. 

Figure 5.4 Effect of EP:Co ratio on product linearity and olefin reactivity. 
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Clearly, the EP:Co molar ratio should be maintained at a value of around 2 or 

higher if linear products are desired. 
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Tucci's [1970] reported relationship between ligand basicity, the P:Co ratio, and 

reaction rates for various phosphine modified systems as discussed in Section 

4.9.9, may be relevant in explaining the observations with EP regarding the 

effect of the Co:EP ratio as well as KOH. By superimposing a Co/TOP catalyst 

rate constant measured in this study on the Co/TSP values for 1-hexene 

reported by Tucci (see Figure 4.16), and plotting the Co/EP rate constants for 

Runs 49a-c relative to the Co/TOP rate constant, one can obtain an approximate 

comparison between EP and the ligands tested by Tucci. This was undertaken 

in order to produce Figure 5.5. From Figure 5.5, it is evident that the EP ligand 

behaves markedly differently to the other alkyl phosphines in terms of the 

reaction rate and EP:Co ratio. This difference in behaviour is further evident on 

considering the low product linearity of 67% obtained with a EP:Co molar ratio 

= 1 which is similar to that obtained by Tucci with the tri-aryl phosphine ligand, 

TPP of approximately 62%. 

As mentioned previously (in Section 1.3.3), higher reaction rates in 

hydroformylation are generally associated with instability of the carbonyls 

attached to the central metal atom. This in tum is affected by the amount of 

electron donation from the ligand {ie. basicity of the ligand). It can therefore be 

argued that the EP ligand behaves as if it has low basicity, and gives rise to a 

less stable carbonyl complex than the other alkylphosphine ligands. It may 

further be argued that KOH addition effectively increases the basicity of the EP 

ligand thereby stabilizing the Co/EP hydrocarbonyl catalyst complex. This in 

turn has a similar effect to increasing the EP:Co molar ratio. 
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Figure 5.5 EP (and TOP) data superimposed on Tucci's [1970] results: Effect 
of P:Co ratio on rate. 
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Since product linearity is linked to ligand basicity, and reaction rate is also linked 

to basicity, it follows that linearity and rate should be linked. This is 

demonstrated in Figure 5.6 which was generated from various data for runs with 

1-decene and Co/EP catalyst in the presence and absence of KOH. 
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Figure 5.6 Effect of reaction rate on hydroformylation product I inearity ( at 
.various KOH:Co and EP:Co ratios). 
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Given the above observations and arguments, it is tempting to propose a 

relationship between the role of KOH and the EP:Co molar ratio on 

hydroformylation performance. This is difficult given the limited number of 

experiments undertaken in this regard. It can however be stated that the EP:Co 

ratio is an important parameter in these systems, and the presence of KOH can 

ensure that these systems behave in a manner such that the apparent EP:Co 

ratio is high. These higher ratios give rise to higher product linearity. 

Furthermore, indirect evidence was obtained for improved catalyst stability at 

higher EP:Co ratios. These observations could prove useful in a continuously 

operated reactor. 

5.4.3 Pure Versus SLO Feeds 

The results obtained with 1-decene and a C10 SLO broad fraction in runs 45 and 

44 respectively, are shown in Table 5.7 and Figure 5.7. 
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Table 5.7 Comparison of Co/EP catalyst performance in 1-decene and C10 

SLO. 

Run 45 44 

Feed (volume I volume) 70% 1-decene I 30% n-octane SLO C,0 broad fraction 

(unwashed} 

EP:Co:KOH molar ratio 2: 1 : 0.75 2: 1 : 0.75 

Co concentration : g/1 OOml 0.250 0.260 

k' (hr1
) corrected for catalyst cone. 3.53 3.79 

% Alcohol selectivity at hours TOS 84.3 85.6 

% 1-decene hydroformylation product 94.9 86.1 

linearity at 2 hours TOS 

·% Overall hydroformylation product 92.0 59.3 

linearity at 2 hours TOS 

Figure 5.7 First order rate plots for 1-decene and C10 SLO with the Co/EP 
catalyst (corrected for catalyst concentration). 
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Similar reaction kinetics are evident with the two feeds (see Figure 5.7 and 

Table 5. 7). However, after correcting for catalyst concentration, the reaction 

kinetics in SLO appear to be marginally faster. This is in contrast to the Co/TOP 

system where larger improvements in the reaction rate were observed in C10 

SLO feeds relative to 1-decene (see Table 4.7). The 1-decene hydroformylation 

product linearity is lower for the SLO feed, possibly as a result of the slightly 

higher catalyst concentration and concomitant faster kinetics. 

One may deduce that the multitude of other components present in SLO 

(oxygenates, paraffins and aromatics) did not have a marked effect on the 

reaction rate. Given the similar reactivities with pure and SLO feeds, it may be 

fair to assume that factors affecting the hydroformylation kinetics of pure feeds 

would have a similar effect on SLO feeds. 

5.4.4 Testing of C10 and C11 _12 SLO Fractions 

A C10 and various C11 _12 SLO fractions having different C11 and C12 olefin 

contents and distributions, were tested with the Co/EP catalyst. The aim was to 

monitor the effect of catalyst concentration, olefin chainlength and distribution 

as well as double carbon number feeds. 

C11_12 double carbon number F-T fractions constituted a more complex feed than 

the other feeds tested. Because of the "broad" nature of the feeds, they are 

relatively easy (and inexpensive) to prepare using distillation. The exhaustive 

hydroformylation methodology discussed in Section 2.3.1.2, was demonstrated 

to still be reliable in quantifying the olefins. An additional check to test the 

reliability of olefin assignments was developed by making use of the alcohol 

assignments and linearity as subsequently demonstrated in Section 5.4.4. 3. The 

value of the results under discussion hinge on the accuracy of the analyses. An 

example of the speadsheet data and selectivity balances for one of the C11 _12 

feeds under discussion is shown in Appendix 3. 
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Table 5.8 summarizes the relevant runs undertaken as well as the results to be 

discussed. 

Table 5.8 Reactions and kinetic results for SLO fractions tested with Co/EP. 

Run 44 50a 50b 51 52 53 

SLO "broad fraction" feed C10 C11.12 (A) C11.12 (A) C11.12 (B) C11-12 (C) C11-12 (D) 

*Measured olefin breakdown (mass% in feed) 

Linear C10 a-olefin 29.9 - - - -
Branched C10 a-olefin 16.9 - - - - -

C10 internal olefin 1.7 - - - - -

Total C10 olefin 48.5 - - - - -

Linear C11 a-olefin - 19.8 19.4 8.6 19.6 8.9 

Branched C11 a-olefin - 7.3 7.4 5.4 2.3 3.3 

C11 internal olefin - 2.0 2.2 2.2 4.9 4.6 

Total C11 olefin - 29.1 29.0 16.2 26.8 16.7 

Linear C12 a- olefin - 7.3 7.4 13.9 6.8 13.1 

Branched C12 a-olefin - 12.0 11.6 10.0 18.5 8.5 

C12 internal olefin - 0.1 0.6 4.8 0.9 11.4 

Total C12 olefin - 19.4 19.6 28.7 26.2 31.4 

Total olefin 48.5 48.5 48.6 44.9 53 48.1 

g Col 1 OOml of feed 0.26 0.13 0.17 0.10 0.16 0.16 

Temperature (°C) 170 170 170 170 175 170 

EP:Co:KOH molar ratio 2:1 : 0.75 2:1: 0.75 2:1: 0.75 2:1: 0.75 2:1: - 2:1: -

Rate constants** k' (hr1) for individual carbon number fractions 

C10 3.79 - - - - -

C11 - 3.22 3.34 3.87 6.50 4.09 

C12 - 2.63 2.83 2.87 3.48 3.76 

* Measured using exhaustive hydroformylation 

** k' =kl (grams Co per 100 ml) ie. rate constant corrected for catalyst concentration 
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5.4.4.1 Olefin Distribution Effects 

C11•12 SLO ·feeds having different olefin distributions were tested. A breakdown 

of the olefin distributions as determined by exhaustive hydroformylation is shown 

in Table 5.8. Despite the differences in olefin content and distribution, the overall 

reaction rates for the three reactions undertaken with the C11 •12 feeds in the 

presence of KOH (Runs 50a-b and 51 ), were first order with respect to the total 

C11 and total C12 olefin contents in the reactor as demonstrated in Figure 5.8 and 

5.9. Runs 52 and 53 undertaken in the absence of KOH were much faster but 

also first order with respect to the total olefin content. Figures 5.8 and 5.9 

demonstrate that the rates for C11 olefin hydroformylation are faster than for the 

C12 olefins. 

Figure 5.8 First order rate plots: Hydroformylation of a C11•12 SLO fraction (A): 
EP ligand: Runs 50a and 50b. 
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Figure 5.9 First order rate plots: Hydroformylation of a C11_12 SLO fraction 
(B): EP ligand: Run 51. 
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Evidently, the reaction rate is dependent on the olefin chainlength. Correcting 

for the cobalt concentration, this relationship is approximately linear (for EP as 

well as TOP modified catalysts) over the range of conditions tested, as 

evidenced in Figure 5.10. 

Figure 5.10 Effect of olefin chainlength on reaction rate using TOP and EP 
ligands: SLO feeds; various runs. 
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5.4.4.2 Catalyst Concentration Effects 

Figure 5.11 indicates that for a double carbon number fraction (C11 and C12), the 

rate of olefin hydroformylation for each carbon number appears to be relatively 

independent of the balance of the adjacent carbon number olefin content. This 
'• 

once more confirms that the olefin distribution (branched and linear) does not 

markedly affect the reaction rate/s (see Table 5.8). This holds, given that the 

total olefin contents are similar. 

The result suggests that C11 olefins do not react preferentially to the C12 olefins, 

(ie. there is little competition for active sites), but the C11 olefins do react faster, 

probably due to steric factors (ie. more successful collisions) , and the rates are 

dependent on the catalyst concentration. 

Figure 5.11 The effect of C11_12 olefin chainlength and distribution in SLO, and 
catalyst concentration on hydroformylation kinetics: Co/EP 
catalysts. 
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5.4.4.3 Reactivity of Olefin Structures in SLO 

For Run 53, a good correlation, and specifically so for the olefin linearity, was 

obtained between the hydroformylation product distribution and the olefin 

assignments. This correlation is performed by "back" calculating the expected 

alcohol linearity (at time = t) from the olefin linearities using the following 

equation derived (See Appendix 7) for this purpose: 

(Expected alcohol linearity)1 = 

(mass% linear alcohol)1 x 100% 

(mass% 2-methyl alcohol)1 • (mass% linear alcohol)1 

(mass% branched olefin)m - (mass% branchedolefin)1 1 ·~~~~~~-----'o.,._~~~~~~---'-
(mass% linear olefin)m - (mass% linear olefin)1 

Where t0 = reaction starting time. 

(5.1) 

Additional confirmation on the reliability of the analyses, is demonstrated by way 

of the reaction selectivity results which sum consistently close to values of 100% 

as indicated in Appendix 3. Table 5.9 indicates the reliability of olefin peak 

assignments, and specifically as to the linearity or branched nature of the 

olefins. 

Given the satisfactory correlation in th.e analyses, it may be possible to follow 

the profile of the different classes of olefins during the course of the reaction. 

This implies that the linear a, branched a, linear internal and branched internal 

olefins must be distinguished from each other and quantified. This was 

attempted for Run 53, and the results are illustrated in Figure 5.12. 
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Table 5.9 Breakdown of measured and expected C11 and C12 olefin product 

linearities from the measured olefin linearity assignments at 

various reaction times. 

Time (hours) 0.75 1 1.5 2 2.75 4 7 

Product lineari:ty from C11 olefins 

{%): 

Expected: 50.5 55.4 60.2 61.7 61.1 61.3 61.1 

Measured: 50.4 56.3 61.6 61.6 60.6 61.4 60.1 

Product lineari~ from C12 olefins 

(%): 

Expected: 46.2 49.4 51.8 51.0 49.7 48.9 48.3 

Measured: 44.6 47.6 51.3 53.1 52.1 46.4 46.1 

The apparently lower product linearities observed initially in Table 5.9 are in line 

with previous observations (see Section 3.4.3.2). The reasons proposed for this 

are as follows: 

The branched a-olefins initially react at the same rate as linear a-olefins (see 

Figure 5.13). However, isomerization occurs in parallel. Branched internal 

olefins form more slowly than linear internal olefins, possibly due to steric 

constraints. This results in a relative build up of branched a-olefins which are 

"available" for hydroformylation during the initial stages of the reaction. This in 

turn gives rise to lower initial product linearities. The subsequent build up of 

branched internal olefins with TOS implies that more linear olefins have reacted, 

and this is evidenced by the increased product linearity. It appears that when the 

bulk of the other olefins have reacted, then the remaining branched internal 

olefins react (via the a-olefin) giving lower linearity. This argument is expanded 

upon below. 

Slopes of the first order rate plots of -ln(1-C) against reaction time (where C = 

fractional conversion) for the olefin groups in Figure 5.13 can be taken as a 

measure of the approximate reactivity of each group of olefins. 

24 

60.9 

59.6 

47.9 

45.4 
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Figure 5.12 A breakdown of C12 olefins in SLO by structural class: 
Approximate progress of their formation/consumption during 
hydroformylation with Co/EP (Run 53). 

Various subtleties are evident on consideration of Figures 5.12 and 5.13. These 

are magnified because of the relatively large concentration of branched internal 

olefins present in the specific C11 _12 SLO fraction (0) compared with other SLO 

fractions tested (see Table 5.8). 

It does appear as if the branched internal olefins are less reactive than the 

balance of the olefins. It is also evident that they are not readily formed during 

the course of the reaction (they do not increase relative to the branched a

olefins). This contrasts with the observations made with the linear olefins, in that 

linear internal olefins appear to form more readily. As discussed in Section 

3.4.3.2, the internal olefins encountered in SLO during hydroformylation are 

probably methyl branched, with the double bond adjacent to the point of 

branching, as this is the thermodynamically preferred structure. Steric factors 

therefore probably result in their being slow to form by isomerization of the 
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branched a-olefins as well as their being slow to react in these systems (see 

Figure 3. 10). This observation is consistent with the description of the alcohol 

products in Section 3.4.3.2 (see Figures 3.8), which indicate few products 

derived from hydroformylation of internal olefins with SLO feeds. 

Figure 5.13 Approximate comparison of branched and linear C12 olefin 
reactivities in a C11 _12 SLO fraction (Run 53). 
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Since the fitted lines in Figure 5.13 do not pass through zero, they should be 

regarded as being "hypothetical". The lines in Figure 5.13 are approximately 

parallel for the linear olefins, and also parallel for the branched olefins. Indeed, 

"summing" the curves for the branched olefins would give a resultant "overall 

branched olefin line" which passes approximately through zero, and similarly for 

the "linear olefin lines". This may be taken to imply that most hydroformylation 

takes place via the a-olefin. An insight into the mechanism may also be inferred 

from the positions at which the lines in Figure 5.13 intersect they axis. Namely, 

that. re-isomerization of the internal olefins to a-olefins and subsequent 
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hydroformylation probably occur on the same catalyst site/s. 

The linearity of the branched a-olefin curve is however questionable, in that a 

higher initial rate appears to be evident. Although possibly due to experimental 

error, it does appear to indicate the presence of one, or more, less reactive 

branched a-olefins. Given the results obtained with the branched internal 

olefins, this is to be expected if the a-olefinic site is close to the point of 

branching. 

The differences in the slopes of the curves in Figure 5.13 can therefore be used 

to conveniently explain the observed linearity profile with TOS as demonstrated 

by the data in Table 5.9. The often observed slight lowering of final product 

linearity with TOS may be indicative of higher concentrations of less reactive 

branched olefins at higher overall conversions. 

However, given the observation on the differences in reactivities of the olefins, 

the overall or average reaction of an olefin fraction can still be regarded as 

being first order with respect to the total olefin in that Cnumber fraction. This is 

also demonstrated in Figure 5.13. This observation is consistent for the various 

SLO fractions tested in this study, especially so since they have lower quantities 

of branched olefins. It may however differ for feeds containing larger amounts 

of internal branched olefins (as well as 2 and 3-methyl a-olefins). Regarding the 

reactions as being first order with respect to the total olefin content is however 

useful in that it can substantially simplify comparisons and it is a satisfactory 

starting point for kinetic comparisons and modelling. 
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5.4.4.4 Formulation of an Expression Describing Olefin Reactivity 

From the results presented thus far, it can reasonably be stated that the rate of 

reaction for total olefin consumption in SLO and pure feeds can be described by 

the term: 

[total olefin ] 
-d Cir - k [total olefinc ] 

dt l 

(5.2) 

In other words, the reaction is first order with respect to olefin for an olefin 

having a carbon number= ex· 

Given the results on the effects of catalyst concentration and olefin chainlength 

in Figures 5.10 and 5.11, it may be possible to combine the general term 

describing the relationship between catalyst concentration and rate of the form 

(5.3) 

(where m1 is the slope of the curve in Figure 5. 11) and the relationship between 

carbon number and rate of the form: 

k • - m2 cnumber+ constant (5.4) 

(where m2 and the constant are the slopes and intercepts of the curve/s in 

Figure 5.10 respectively) 

to obtain, as a first approximation, an equation of the form: 

(5.5) 

Equation (5.5) is simplified, by dividing by the constant term to arrive at an 

equation having the form: 
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m2 
k - m1 [Co] (1 - Cnumber) 

constant 
(5.6) 

which can be simplified to: 

k - constanta [Co] ( 1 - constantb Cnumber) (5.7) 

Regression of equation (5. 7) to solve for constantsa and busing experimental k, 

[Co] and Cnumber values gave a good fit (R square >98.5) to the following 

expression: 

k - 8.0435 [Co] ( 1 - 0.0537 Cnumber) (5.8) 

However, the constantb term in Equation (5.8) implies that at a certain carbon 

number (around C = 17), the reaction rate becomes negative. This is not 

possible. Furthermore, a subsequent run with a pure C18 feed (Run 57 - see 

Tables 5.1 to 5.4.2), indicated that hydroformylation took place. 

Equation (5.7) was therefore "modified" to: 

k - constanta [Co] ( 1 - constantb In ( Cnumber)) (5.9) 

Regression of equation (5.9) using a Marquardt [1963] routine to obtain values 

for constan~and constantb gave the following equation with a R-square of >98%: 

k - 11.6797 [Co](1 - 0.2979 In ( Cnumber)) 

- 11.6797 [Co] - 11.6797 [Co] 0.2979 In ( Cnumber) (5.10) 
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With equation (5.10), it is still possible to predict a negative rate for Cnumbers > 29. 

This however does not necessarily imply that for longer olefins (>C29) the rates 

will be similar and close to zero when using reaction conditions similar to those 

used in this study. Similarly, equation (5.10) should not be taken to imply that for 

shorter olefins ( <C10) the rate will increase exponentially. The equation is 

therefore empirical and is only valid over the carbon number range that was 

actually covered, where it fails is unclear. 

Figures 5.14, and 5.15 demonstrate the accuracy of equation ( 5.10) with 

experimental data points superimposed. 

Figure 5.14 Testing of equation (5.10): k versus [Co], experimental 
and predicted points at various C numbers. 
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The dependency of the first order rate constant k on catalyst concentration and 

olefin carbon number can be represented by means of three dimensional 

graphs as in Figures 5.16 and 5.17. The shaded regions ( or planes) in the 3-0 

figures are generated by equation (5.10). Data points Dare superimposed on 

the region predicted by the equation. Vertical lines drawn above and below the 
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points o in the graph indicate the respective distance of these points from the 

"plane " or "surface" described by the equatio'n_ 

Figure 5.15 Testing of equation (5.10): k versus Cnumberi experimental 
and modelled results, at various catalyst concentrations_ 
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Given the derived relationship between k, [Co] and carbon number (Cx), 

equation (5.2) can therefore be expanded to: 

[total olefin
0 

] 

-d dt • • 11.6797(1- 0.2979 lnCx).[Co].[totalolefin0 ) ( 5. 11 ) 
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Figure 5.16 Dependency of k on Carbon number and catalyst concentration 
described by the expression: k = 11.6797 [Co] (1 - 0.2979 
ln(Cnumber)) in the C10_12 region. 
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Figure 5.17 Dependency of k on Carbon number and catalyst concentration 
described by the expression: k = 11.6797 [Co] (1 - 0.2979 
ln(Cnumber)) in the C10_18 region. 
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5.4.5 Temperature Study 

The effect of temperature on the hydroformylation of a C11_12 SLO feed (E) was 

investigated. Reports on the effect of temperature on phosphine modified 

(specifically EP) Co hydroformylation systems were not sourced in the literature. 

Table 5.10 Experiments and results for temperature study. 

Run 55a 55b 55c 55d 55e 55f 559 

Temperature ("C) 155 165 175 185 195 165 195 

Feed c1,.,2 SLO ·(For composition see Table 5.3) 60% c,,.,. 60% C1M2 

SLO SLO 

40% 55b 4()% 55e 

product product 

[Co] 0.16 0.16 0.16 0.16 0.16 0.061 0.061 

(grams per 100ml of 

feed) 

Carbon number c,, I c,, c,, I c,, c,, I C12 c,, I C,2 c,, I c,. c,, I C12 c,, I C,2 

"Initial k (hr') 0.36 0.27 0.58 0.46 1.15 0.95 1.63 1.21 1.78 1.45 022 0.18 0.25 0.14 

Initial k' (hr') 2.29 1.72 3.70 2.90 7.34 6.08 9.37 6.88 11.21 9.24 3.62 2.95 3.15 1.83 

corrected for [Col 

Conversions Linearities and Selectivities at 8hours TOS 

% Olefin conversion 93.2 87.3 98.5 98.4 100 100 99.1 97.4 99.5 99.0 91.5 89.3 85.1 62.5 

% 1-a olefin prod. lin. 89.4 84.7 86.6 84.6 85.4 80.7 86.3 85.9 85.3 87.2 89.3 90.2 82.7 85.7 

% Overall prod. !in 72.8 44.2 69.4 42.5 67.4 39.1 69.7 38.3 64.1 37.7 69.9 43.7 62.0 25.8 

% (Aldehyde + 92.9 93.1 97.9 97.6 92.8 95.1 96.3 98.2 98.4 95.9 94.2 93.8 91.1 95.4 

Alcohol) selectivity 

"Slopes of curves for determining k deviate from linearity at high temperatures (see Figures 5.18 

and 5.19) 

No clear trends in the final selectivities were ascertained from the reaction data. 

This may be taken to imply that the final reaction selectivities were fairly 

insensitive to temperature differences in the range studied. The alcohol 

linearities did not always follow the expected trend of lower linearities being 

associated with higher rates. A possible reason for this may be due to the fact 
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that the overall reaction rates may be slower for reactions undertaken at 185°C 

and 195°C due to catalyst deactivation (see subsequent discussion). However, 

there is an indication that the overall product linearities decreased with 

increasing temperature. 

Temperature effects on the reaction kinetics were more evident. 

The effect of temperature on the first order rate constants k describing C11 and 

C12 olefin consumption is evident on comparing the slopes of the plots in 

Figures 5.18 and 5. 19. At high conversions (>95% ), a marked deviation from 

linearity is observed for the experiments unqertaken at 185°C and 195°C. This 

may be ascribed to analysis errors at high conversions. For example, · 

conversions of 99.0% and 99.9 % give -ln(1-C) values of 4.6 and 6.9 

respectively. 

Figure 5.18 The effect of temperature on the first order rate constant: C11 

olefins in a C11•12 SLO fraction. 
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Data points collected at conversions higher than 97% { or values of >3.5 on the 

y axis in Figures 5.18 and 5.19) were therefore omitted for the purposes of 

calculating rate constants, k. 

Figure 5.19 The effect of temperature on the first order rate constant: C12 

olefins in a C11-12 SLO fraction. 
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All examination of reactor samples taken from the runs at temperatures above 

175°C, indicated that the cobalt readily precipitated out of solution (ie. a black 

precipitate was observed). In order to find a reason for this observation, 

additional experiments were undertaken. The first experiment entailed addition 

of 1 OOml of the C11 •12 SLO to the remaining catalyst containing solutions 

previously used at 165°C (Run 55b), and repeating the reaction under the same 

conditions of temperature (ie. 165°C) and pressure. The progress of the reaction 

(now termed 55f) was monitored. The lower catalyst concentration attributable 

to previous sampling and subsequent dilution was taken into account. A similar 



226 Co/EP Catalyst Systems 

second experiment was undertaken but with the reactions being undertaken at 

195°C (runs 55e and 55g). The kinetic results obtained are shown in Table 5.10, 

and the results for the high temperature (195°C) runs are illustrated in Figure 

5.20. 

Figure 5.20 High temperature runs at 195°C; proof of catalyst deactivation; re

used catalyst. 
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The points above the dotted line in Figure 5.20 are in "a region of uncertainty", 

wherein small errors in the conversion (ie. olefin concentration), are magnified 

by the natural tog function y scale. This can give rise to a large amount of scatter 

in the data points as evidenced. The curves best fitting all the data in Figure 

5.20 are from power series, indicative of a progressive falling off of the reaction 

rate with time. This indicates that catalyst deactivation may occur from the start 

of the reactions and not necessarily only at high conversions. Furthermore, the 

lower reaction rates cannot be ascribed to ligand oxidation at changeover. This 

would result in a lowering of the EP:Co ratio with concomitant faster reaction 
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rates (see Section 5.4.2). This however was not observed. This result along with 

the data comparing product linearities and alcohol selectivities for the various 

runs at different temperatures indicates that the Co concentration apportioned 

to the active Co/EP complex appears to decreases with time when undertaking 

reactions at the temperatures above 175°C. 

Further evidence of catalyst deactivation and cobalt precipitation at the higher 

temperatures can be illustrated by way of Figure 5.21 which compares the 

cobalt .concentration of the reactor liquids for Runs 55a-g. This bar graph is 

meant to convey a qualitative observation, since the actual cobalt concentration 

attributable to the catalyst complex cannot be accurately quantified using the 

UV-VIS method described in Section 2.3.3.1, as these determinations are "ex 

situ". 

Figure 5.21 Measured cobalt concentration in reactor liquids after 8 hours 
TOS for runs undertaken at various temperatures. 
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It has been widely reported that conventional hydroformylation catalysts are 

sensitive to temperature and P co· This relationship has been plotted [Cornils, 

Falbe, 1980], and is reproduced in Figure 5.22. This instability was ascribed by 

Falbe as being due to "gas starvation", specifically CO starvation. This is said 

to lead to dissociation of the catalyst complex, which gives rise to cobalt 

precipitation. This starvation has been ascribed to high reaction rates in the 

mass transfer limited regime. Another argument for deactivation, is the possible 

inherent instability of the catalyst complex at high temperatures, regardless of 

the reaction rate. The third explanation for catalyst instability can include 

components of the two previous arguments, and this is subsequently discussed. 

Figure 5.22 Conditions giving rise to Co precipitation with conventional Co 
hydroformylation catalysts [Falbe, 1980]. 
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The slopes of the fitted (linear) portions of the curves in Figures 5.18 and 5.19 

were used to calculate the values plotted in Figures 5.23 and 5.24. "Region 1" 
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in Figure 5.23 indicates the expected exponential relationship between 

temperature and the reaction rate. This is not the case for the reactions 

undertaken at 185°C and 195°C in "Region 2". It is important to note that the 

rate constant values used for these higher temperatures are derived from the 

slopes fitted to the initial conversions, and do not take the later points which 

indicate a deviation from linearity into account. Although these deviations at 

higher temperatures may have simply been caused by analytical inaccuracies 

at the low olefin levels or high conversions, mass transfer effects and/or 

catalyst stability effects may have also played a role. The curvature in the plots 

at 185 and 195°C in Figures 5.18 and 5.19 as well as the observed darkening 

of the reactor liquids and precipitation of cobalt, may be taken as evidence of 

possible catalyst deactivation. 

Figure 5.23 Effect of temperature on the first order rate constant for all C11 
and C12 olefins in a SLO C11 _12 fraction. 
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are shown in Figure 5.24. Slopes of the curves = E/R, where Ea is the 

activation energy and R is the universal gas constant. 

Figure 5.24 Arrhenius Plot of effect of temperature on Co/EP catalyzed 
hydroformylation of C11 and C12 olefins in SLO. 

Ink' 

3 ~-------------------~ .~-~ 
·· .. 

··· ...... C11 
. ................. .. 

··.... ·· ... 

2.5 -
··• .... 

........................................... ·· .. 

2 >--

C12 
.. ...... . 

·a ..... ; 
··.'.'"· ...... ;· ... Region 1 ............... 

. ..... .,,' "··--'.:;· ... ... .., ·.·. 
····· ........ :.~-......... ··=···. 

................ ""·· ........ . 
· .... 

. , 
1.5 >-- · ......... . 

·········.... ····· ... 
· .... 

1 >--

Region2 . ··. ·· ... 
"···. 

·· .... · .... 
. .... 

0.5 >--
• .... 

· ... 

0 '---_,__-~1--~-~1 _ __._ _ __.1 __ ,___~1---'----' 

0.0021 0.00215 0.0022 0.00225 0.0023 0.00235 
1/T (Kelvin) 

Table 5.11 Activation Energies for C11 and C12 olefins in SLO. 

Region 1 Region 2 

y intercept 2.743x10 12 2.245x1012 138552 78763 

E. (kJ/mol) 99 99 35 36 

The "kinks" in the Arrhenius plots in Figure 5.24 suggest the onset of mass 

transfer limitations of reactants (CO and H2) through the liquid phase to the 

catalyst at temperatures above 175°C and/or early deactivation. 
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Equation (5.11) describing olefin consumption in these systems can therefore 

be expanded to: 

Where 

£:." 

-d[olefin]. k·e-RT (1- 0.2979 ln(Cx)) [Co][olefin] 
dt 

Ea "" 99kJ/mol at temperatures ~ 175°C, and 

Ea "" 36kJ/mol at temperatures ;:: 175°C. 

(5.12) 

Differences in the rate constants of the C11 and C12 olefins must be mainly 

ascribed to a differences in the pre-exponential or "successful collision 

frequency" factor (see y intercept values in Table 5.11 ), rather than to 

differences in the activation energy each one must overcome. (Similar activation 

energies were calculated for C11 and C12 olefins). Reports of work undertaken 

by others appears to confirm this statement as discussed below. 

The activation energies of about 99 kJ/mol for the C11 and C12 olefins in SLO 

are similar to, but lower than reported values of Voorhies et al. [1957] for 

branched C7, 1-octene, and C12 olefin feeds using unmodified Co hydrocarbonyl 

catalyst systems. These activation energies were reported to be 115, 118 and 

106 kJ/mol respectively by Voorhies et al., who stated that the method of kinetic 

measurements used for their data was based on the observation of the rate of 

pressure drop (ie. not at constant pressure), exclusive of any induction period. 

They described their Ea values as being "approximately equivalent in view of the 

experimental technique". 

Other reported activation energies for hydroformylation reactions include the 

following: 
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Deshpande and Chaudhari [1989] reported an activation energy of 96 kJ/mol for 

hydroformylation of allyl alcohol (CH2=CH-CH20H) with a phosphine modified 

Rh catalyst (HRh(CO)(PPh3)J) in the temperature range of 60 to 80°C. These 

workers also reported an activation energy of 117kJ/mol for 1-hexene 

hydroformylation, also with a HRh(CO)(PPh3h catalyst [Deshpande and 

Chaudhari, 1988]. 

The above mentioned results, are in a fairly narrow band, and are in some cases 

higher than the activation energies reported by Capelli et al. [1976] and Gholap 

et al. [1992] who also investigated unmodified cobalt hydroformylation systems. 

Capelli et al. [1976] reported Ea values of 75 kJ/mol and 108 kJ/mol for 1-octene 

and 2-octene feeds respectively. However, only two temperatures, namely 

145°C and 155°C, were used in their study. The work of Gholap et al. [1992] 

involved propylene hydroformylation in the 11 O to 150°C temperature range 

(using three different temperatures) and the 35 to 100 bar pressure range. 

These workers reported an activation energy of 77kJ/mol. A higher cobalt 

concentration with respect to the propylene feed of between 0.34 and 0.60 % by 

mass was used compared with the values reported by Voorhies et al. and the 

ones used in this study. 

With the exception of the result of Cappelli et al. and Gholap et al., the balance 

of the reported results encountered, as well as the result generated in this study, 

appear to indicate that for phosphine modified and unmodified Rh and Co based 

systems, the activation energy for hydroformylation is fairly independent of the 

feed composition and reaction conditions. In addition, the results can be taken 

as confirmation that the experimental data in this study were generated in the 

correct kinetic regime, (ie. the non mass transfer limited regime). The relatively 

high value of Ea of approximately 99 kJ/mol confirms this. Ligand basicity and 

steric effects do no appear to effect Ea values, but rather the pre-exponential rate 

constant. This implies that KOH effects observed in this study would not be 
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expected to effect the reaction activation energy. 

The data that Voorhies et al. presented used approximately the same catalyst 

concentration with respect to the cobalt content of 0.2% (ie. 0.2 grams of cobalt 

per 100 grams of feed) as used in this study. This facilitates a direct comparison. 

This is performed by plotting the present ColEP results and the hydrocarbonyl 

results of Voorhies et al. in Figure 5.25. Unfortunately Voorhies et al. did not 

specify the syngas composition and pressure. 

Figure 5.25 Arrhenius plots for EP modified (this study) and unmodified Co 
(Voorhies et al.) hydroformylation catalysts. 

4 --~--------.....-----~----~~-.-----------------------. 

' 

3Lc:::~~-l~~-U~-L~-l_J 

-1 

-2 
21 

TE1l"pa'3:1.re 
22 2.3 

181°C 161°C 

I 
Co (unmodified} 

: 

2.4 25 26 KXID3 

143°C 127°C 



234 Co/EP Catalyst Systems 

On considering Figure 5.25, various interesting observations can be 

made. 

Three additional points drawn in Figure 5.25 are the rate constants determined 

from initial measurements of rate for various experiments undertaken with a SLO 

C10 "aged" feed 1
. These points are included, in that they "fit the trend" of the 

rest of the data in Figure 5.25. 

The deviation of the curves in Figure 5.25 from linearity at higher temperatures 

has been ascribed to "the adverse effect of higher temperatures on catalyst 

stability" by Voorhies et al .. A possible explanation for this deviation would be 

mass transfer effects. However, if mass transfer (of CO and H2) alone was the 

cause for linearity deviations in the curves in Figure 5.25, then one would expect 

the points of inflection to occur at similar rate constant or ln(k') values, and 

specifically so for the same catalysts. This however, is not the case. 

It is tempting to ascribe the differences in the rate at which the "kink" in the 

curves occurs to steric factors. That is, when the reaction rate is lower as a 

result of steric effects, diffusion limitation will appear later (ie. at a higher 

temperature) and visa versa. This argument does however not explain why the 

"kinks" occur at different reaction rate constants. 

An alternative explanation has to do with the effect of temperature on reaction 

rate and catalyst stability. Thermal decomposition reactions are a function of 

temperature and time. lt can be postulated that at high reaction rates, the cobalt 

species is exposed to a lower CO co-ordination for longer periods of time due 

1The peroxide content in this feed was shown to be high, and to effect the Co/EP catalyst. 
Poor linearities were measured, and catalyst deactivation was observed for these experiments. This 
was ascribed to a lowering of the EP:Co molar ratio caused by ligand oxidation. The data frt the 
trend in Figure 5.25, notwithstanding the observation that the catalyst system performed markedly 
differently due to the feed composition/poisons. 
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to "CO starvation". For the equation; 

HCoEP(CO)i +CO ~ HCoEP(C0)3 

more of the "active" HCoEP(C0)2 catalyst will be present at high rates 

compared to the "inactive" HCoEP(COh complex due to higher rates of CO 

consumption. If one assumes that the HCoEP(CO)i complex is fess thermally 

stable, it follows that at high reaction rates the onset of catalyst decomposition 

or cobalt precipitation is facilitated at a lower temperature. 

Bearing in mind that less active Co/P catalysts are used at temperatures in the 

region of 180°C to 190°C [Falbe, 1980], it may be coincidental, that the 

regions of inflection for the curves in Figure 5.25, can be joined by an 

approximately straight line. Given this observation, it is tempting to propose that 

Figure 5.25 can be used as a screening tool to predict a suitable reaction 

temperature for a cobalt based hydroformylation catalyst. This can be achieved 

by using the same catalyst concentration (0.2% by mass as cobalt), measuring 

the reaction rate constant, and extrapolating (using parallel lines) to the curve 

predicting the region of inflection, or onset of catalyst deactivation. A 

recommended operating temperature (to ensure catalyst stability) would then be 

one that is close to, but below, the temperature in the region of inflection. For the 

various curves in Figure 5.25, the reaction rate at the region or "point" of 

inflection, appears to be dependent on the rate at a lower temperature. This is 

demonstrated by Figure 5.26. Respective regions of catalyst stability and 

instability may be indicated below and above the line "joining" the regions of 

inflections in Figure 5.25. 

Furthermore, it is interesting that various data points used by Cappelli et al. and 

Gholap et al. in determining their lower activation energies of 75-77 kJ/mol can 

be placed in the "region of instability" in Figure 5.25, thereby explaining the 
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differences in reported activation energies. 

Figure 5.26 Possible relationship between catalyst stability and reaction 
rate. 
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The observations and proposed theory on the effect of temperature on 

hydroformylation catalyst systems in this study could possibly be confirmed by 

additional experiments and with other catalysts. For example, a temperature 

study on other phosphine modified or conventional Co catalysts could be used 

to test some of the theories. As it was not the intention to study the effect of 

temperature alone, this may constitute an interesting avenue for further work. 

5.4.6 Gas Composition Effects 

It was previously demonstrated that similar reaction rates were observed with 

pure 2: 1 H2: CO syngas and a commercial syngas in experiments using total 

pressures of 75 bar (g) and 90 bar (g) respectively with TOP modified Co 

catalysts (see Section 4.4.5). In order to further investigate the effect of feed 

gas composition and pressure, Runs 47a-b, 56a-e were undertaken. Reaction 

details and results are summarized in Tables 5.12 and 5.13. 
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Reactions were undertaken at constant pressure, with the syngas mixtures being 

passed continuously through the reactor (as described in Section 4.1.1 ), so that 

the syngas composition in the reactor remained approximately constant. The 

effect of syngas composition and pressure was monitored by keeping either the 

Pco constant and varying the PH2, or keeping the PH2 constant and varying the 

Pea· In addition, the effect of C02 was investigated (see Table 5.14). 

5.4.6.1 Syngas Effect on Reaction Kinetics 

Table 5.12 Kinetic results obtained with various syngas compositions and 

pressures: 1-Decene feed; Co/EP catalyst. 

Constant Pc0 ; increasing PH2 ..... Constant PH2; increasing Pco ..... 

Run 56a 56b 56c 56d 56b 56e 47a 

PH2 (bar (g)) 15 30 60 30 30 30 50 

P co (bar (g)) 30 30 30 15 30 60 25 

P total (bar (g)) 45 60 90 45 60 90 75 

H2:CO ratio 0.5 1 2 2 1 0.5 2 

k (hr1)* 0.23 0.86 1.21 1.02 0.86 0.96 1.61 

Temperature °C 170 

[Co] g/1 OOml 0.208 
. . 

*Where k is the first order rate constant describing olefin consumption . 

It is noteworthy that the highest reaction rate in the series of experiments was 

measured using a 2: 1 H2:CO ratio at 75 bar (Run 47a) . Using a higher total 

pressure of 90 bar with the same H2:CO ratio (Run 56c) resulted in a slower 

reaction. Using a lower pressure of 45 bar, also with a 2:1 H2:CO ratio (Run 56d) 

gave a similar reaction rate to the experiment (Run 56c) undertaken at 90 bar. 

The decrease in reaction rate using 2:1 H2:CO at 90 bar compared to 75 bar 

may be speculated as being due to stabilization of the phosphine 

hydrocarbonyls at higher pressures. This may suggest an optimum reaction 
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pressure. 

Figure 5.27 Effect of syngas composition and pressure on the kinetics of 
Co/EP catalyzed hydroformylation of 1-decene. 
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To recap on the effect of syngas, Natta et al. (1954] derived the following 

equation when using unmodified Co catalysts: 

-d [olefin 1 :::: constant [olefin] [Metal] (pH) 
dt (Pco) 

(5.13) 

by observing the following: 

1) At constant CO pressure, the rate increases greatly with increasing Hz 

pressures. 

2) At constant Hz pressure, the rate increases with increasing CO pressure, 

but only up to 10 atm., and then the rate decreases. 
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The results in Table 5.12 are in agreement with Natta et al.' s statement 1) 

above. Indeed, the reaction rate appears to be more strongly dependent on the 

PH2 than that of the P co as demonstrated in Figures 5.28 and 5.29. 

Figure 5.28 Plot of rate constant k versus PH2 , at various Pc0 ; (Runs in 
Table 5.12). 
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Figure 5.29 Plot of rate constant k versus P co1 at various PH2 ; (Runs in 
Table 5.12). 
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Rate constants determined by the slope of the curves in Figure 5.27 were 

regressed using a Marquardt [1963] algorithm programmed onto a Fortran fitting 

routine so as to arrive at an expression (Equation 5. 14) which satisfied the rate 

constants measured for runs 47a, 56a, 56b and 56d and 56e. For reasons that 

are not clear, Run 56c indicates a deviation from the rest of the data plotted in 

Figure 5.28, and did not satisfy the equations having the following form: 

(5.14) 

Other equations tested in this regard, but which gave larger errors, were of the 

forms: 

and 

k0 e - e.tRT (1 - 0 2979 In C ) [Co] k • · number 
k.P 

1+~ 
Pea 

(5.15) 

(5.16) 

Since equation (5.14) was found to be the most satisfactory (R-squared values 

~go compared with values of ~85 for equations (5.15) and (5.16)), and given the 

results obtained previously on studying the effect of temperature, and cobalt 

concentration, the following equation was shown to predict the experimental 

data: 

- e. 
rate. k (olefin] - k"e RT {1-0.29791nCnumber )[Co](PH

2
+Pc0 )(PH/(Pc0 )1 [olefin] 

(5.17) 
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Values for x, y and k" were regressed in order to obtain the best fit. 

R-square values of approximately 90 and 95 were obtained depending on 

whether the data for run 56e (Pc0 = 60 bar (g); PH2 = 30 bar (g)) was included or 

excluded (see Figure 5.30). 

The respective modelled values are 1.03; -1.09 and 1.49x1011 when using the 

following values and units: Ea =99 000 J mo1·1
; R = 8.314 J K·1mo1·1 ; T = 

446.16K; [Co]= 0.2077 gCo/100ml; units of pressure =bar. Given the EP:Co 

molar ratio is around 2. 

The accuracy of the fit (albeit with limited data) is illustrated in Figure 5.30. 

Figure 5.30 Modelled and experimental k values: Various H2:CO ratios, and 
PH2 and P co· Accuracy test of equation (5.17). 
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Equation (5.17) can therefore be taken to serve as a general term describing 

olefin disappearance in the systems under investigation, given that the total 

syngas pressure is ~ 75 bar (g). The pre-exponential rate constant, k", can be 

determined experimentally and depends on the EP:Co ratio and alkali (KOH) 

concentration. The values of x and y can probably be rounded off to +1 and -1 

respectively. 

Reasons why H2 enhances the reaction rate whilst CO retards it can be 

explained in terms of the mechanism described in Figure 1.14 which has been 

re-represented in Figure 5.31 to include the EP ligand in the catalyst complexes. 

Figure 5.31 Multistep hydroformylation pathways using an EP modified Co 

catalyst. 
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In Figure 5.31, product formation is a result of hydrogenation of a R-CH2-CO

Co(C0)3EP intermediate. This may be facilitated either by H2 or a HCo(COhEP 

complex. This results in Co2{C0)5(EPh and HCo(COhEP complexes. Before 

ending up as the HCo(COhEP complex, the Co2{C0)5(EPh complex undergoes 

CO insertion followed by hydrogenation. The HCo(COhEP complex must then 

"lose" a CO in order to become an "active" HCo(COhEP species. 

Overall, hydrogenation therefore facilitates "reactivation" of the catalyst, and CO 

inhibits this process: 

HCo(COhEP =- HCo(COhEP +CO 

(inactive) (active) 

However, this is only one step in the mechanism. The rest of the cycle includes 

various steps involving the incorporation of CO. These steps are necessary for 

the cycle to be completed. Therefore, although CO may slow the reaction rate, 
' 

there would be no rate at all were it not present. Natta et al.'s equation (5.13) 

does not take this into account and may be taken to imply that as the P co tends 

to zero, the rate tends to infinity. 

The form of equation (5.17) differs from other reported equations by the fact that 

it incorporates a total pressure (PH2 + Pco) term. In this term, the Pco has a 

positive effect on the rate. In the P co-1 term, CO has a negative effect. These 

"opposing" effects may be taken as correcting for the anomaly that if there was 

no, or little CO present, the hydroformylation rate would tend to infinity. 
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5.4.6.2 Syngas Effect on Reaction Selectivities 

Table 5.13 Selectivity results obtained with various syngas compositions and 

pressures: 1-Decene feed; Co/EP catalyst 

Constant P 00; increasing PH2 -+ Constant PH2; increasing Pco-+ 

Run 56a 56b 56c 56d 56b 56e 47a 

PH2 (bar19i} 15 30 60 30 30 30 50 

P co (bar19i) 30 30 30 15 30 60 25 

P tota1 (bar<9i) 45 60 90 45 60 90 75 

H2:CO ratio 0.5 1 2 2 1 0.5 2 

Conversions, Linearities and Selectivities at 2 hours TOS 

% Olefin converted 39.0 73.2 85.3 92.6 73.2 83.6 96.8 

% 1 -Decene product 87.5 90.1 93.5 92.7 90.1 75.7 90.8 

linearity 

% Overall product 76.1 82.9 86.7 85.2 82.9 59.0 81.3 

linearity 

% Paraffin selectivity 2.7 3.3 8.1 6.5 3.3 4.2 7.2 

% Aldehyde selectivity 25.6 25.8 4.5 7.1 25.8 24.1 5.1 

% Alcohol selectivity 70.4 70.2 86.8 85.8 70.2 75.8 87.4 

% HOF selectivity 1.3 0.7 0.6 0.7 0.7 <0.1 0.4 

Conversions, Linearities and Selectivities at 6 hours TOS 

% Olefin converted 64.2 99.8 100 99.8 99.8 99.3 100 

% 1-Decene product 81.8 88.8 93.3 92.3. 88.8 84.0 90.0 

linearity 

% Overall product 69.0 80.9 86.2 84.4 80.9 71.0 80.4 

linearity 

% Paraffin selectivity 2.7 2.5 7.7 6.1 2.5 2.3 7.0 

% Aldehyde selectivity 11.8 1.5 0.5 0.5 1.5 2.3 0.2 

% Alcohol selectivity 82.0 93.0 90.3 91.1 93.0 93.8 92.2 

% HOF selectivity 3.6 3.0 1.4 2.2 3.0 1.6 0.6 

The effects of pressure and syngas composition on the product selectivities and 

linearities with TOS, are compared in Table 5.13. The following general 



Chapters 245 

observations are: 

The hydrogenation activities, as evidenced by the alcohol, aldehyde and paraffin 

selectivities are higher when H2 rich syngas with a H2:CO ratio= 2 is employed. 

Differences in the general selectivity trends during runs undertaken with similar 

syngas compositions can often be ascribed to differences in the reaction rates 

or olefin conversion. It is noteworthy that reactions undertaken with the same 

H2:CO ratio of 2 (different total pressures) gave rise to similar selectivities. A 

similar trend was obtained in experiments using a H2:CO ratio of 0.5. The 

higher aldehyde selectivity of 11.8% at 6 hours TOS for the H2:CO = 0.5 run 

(56a} undertaken at 45 bar should be seen in the context of the low conversion. 

There is too much scatter in the Heavy Oxo Fraction (HOF) selectivity data to 

draw firm conclusions regarding the effect of pressure and syngas composition 

on heavy oxygenate formation. 

Using a 1 :1 H2:CO ratio at a total pressure of 60 bar (g) in run 56b appears to 

give a favourable result with respect to hydroformylation selectivity. For the final 

selectivities, a low paraffin value is coupled to a high alcohol value, and the 

product linearity is not compromised to a great extent. The data indicate that 

hydrogenation of olefins to paraffins may not always be taken as a measure of 

expected hydrogenation of aldehydes to alcohols. This appears to be a 

consistent observation with the EP ligand (see Section 4.4.9.3). 

Consideration and comparison of the overall and 1-decene product linearities 

gives an indication not only as to the effect of syngas pressure and composition 

on linearity, but also on the reactivity of internal olefins. The somewhat lower 

linearities obtained with Run 47a compared wjth the other runs which used a 

2: 1 H2:CO ratio may probably be ascribed to the higher reaction rate. However, 

the overall impression is that the linearity increases as the H2:CO ratio 
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increases. Low final linearities were obtained for Runs 56a and 56e with the 

H2:CO = 0.5. This may in part be ascribed to reactivity of internal olefins under 

these conditions. In addition, the linearity profiles of Runs 56a and 56e are seen 

to change significantly with TOS. A possible explanation for this observation 

could in part lie in the isomerization activity of these systems. Namely, that "re

isomerization" of internal olefins back to a-olefins prior to their being 

hydroformylated may have been inhibited in Run 56e (90 bar (g) total pressure). 

However, reactivity of the feed alone cannot explain the lower linearity given the 

low 1-decene product linearities also observed for these runs. Studies on the 

effect of syngas composition on the structure of the working catalyst complex 

could possibly shed more light on this subject. 

In summary, the H2:CO ratio appears to be a more important parameter in 

determining final selectivities than the H2 and/or CO partial pressures. 

5.4.6.3 Effect of C02 

Due to the presence of C02 in commercial syngas, albeit at low concentration 

(approximately 1 %), its effect was reviewed previously in Section 4.4.5. Although 

no clear effect could be ascertained, this was probably due to the low levels that 

were present. It was therefore decided to test the effect of a significant quantity 

of C02 (13% by volume). 
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Table 5.14 Results obtained with C02: 1-Decene feed; Co/EP catalyst. 

Run 47a 47b 

Partial Pressures (bar (g)l 

PH2 50 50 

Pco 25 25 

Pco2 - 11 

plotal 75 86 

k (hr1
) 1.61 1.45 

K (hr1
) 7.74 6.96 

Conversions, Linearities and 

Selectivities : TOS 

(Time on Stream) 2 hours 6.08 hours 2 hours 6 hours 

% Olefin converted 96.8 100 94.0 100 

% 1-Decene product 90.8 90.0 93.2 92.6 

linearity 

% Overall product 81.3 80.4 84.1 84.8 

linearity 

% Paraffin selectivity 7.2 7.0 7.2 6.0 

% Aldehyde selectivity 5.1 0.2 0.3 0.3 

% Alcohol selectivity 87.4 92.2 85.6 93.4 

% HOF selectivity 0.4 0.6 1.6 0.3 

On comparing the results of Runs 47a-b, it appears that the Pc02 of 11 bar (g} 

had little effect on the hydroformylation performance of the Co/EP catalyst in a 

batch reactor. It is difficult to ascribe the small differences observed to either the 

Pc02 or the higher total pressure of 86 bar used in Run 47b. From Figure 5.32 

it is evident that the rates of olefin consumption were slightly altered by C02 

addition, and were somewhat lower. 
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Figure 5.32 Effect of C02 on reaction rate: Comparison of Runs 47a-b. 
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The levels of C02 did not alter the reaction selectivities markedly. Also, the HOF 

did not increase significantly in the presence of C02 thereby indicating that C02 

incorporation did not appear to occur - additional acids were not observed in the 

product. The results in this study therefore could not substantiate those of 

Massie and Vasely [1974} (reviewed in Section 4.4.5). These workers advocated 

the use of large quantities of C02 (typically P co2 = 20 atm.) to enhance the 

reaction selectivity to alcohols, at the expense of olefin conversion for alkyl 

phosphine modified Co catalyst systems. 

5.5 CONCLUSIONS 

The results obtained with KOH demonstrate that this (and possibly other) alkali 

plays an important role in the Co/EP system. Using Co:KOH molar ratios of 

1:0.75 gave rise to slower reaction rates compared to systems wherein KOH was 

omitted. The presence of KOH has a similar effect to increasing the EP:Co ratio, 

and increasing the ligand basicity. The use of KOH could therefore be 
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advantageous in a continuously operated process wherein catalyst stability and 

maintaining a fixed EP:Co ratio are important for maintaining long catalyst 

lifetimes. 

Maintaining the EP:Co molar ratio >1, but preferentially around values = 2 is 

important to ensure catalyst stability, and high selectivities to linear alcohols. 

If product linearity is not considered to be an important parameter, then the 

reaction rate can be improved considerably by using lower EP:Co molar ratios. 

This could however lead to Co deposition or catalyst losses in a reactor. 

Similar reaction rates and selectivities were obtained with pure 1-decene and 

"broad" SLO C10 material. This again demonstrates the suitability of HTF-T SLO 

material as a hydroformylation feedstock. 

The results of testing 1-decene, 1-octadecene, a C10 and various C11 _12 SLO 

fractions were used to quantify the effect of olefin chainlength on reaction 

kinetics. The speed of collective olefin disappearance being: C10 > C11 > C12 >> 

C18 . It was demonstrated that for the SLO fractions tested, the a-olefin 

distribution (branched : linear and C11 :C12 ratios) did not have a marked effect 

on the first order kinetics of overall olefin consumption. 

A linear relationship existed between catalyst concentration (measured in terms 

of the cobalt concentration =[Co]) and reaction rate. This was demonstrated in 

the range of [Co] =1 OOOppm to 2600ppm. The effect of [Co] was combined with 

the effect of olefin chainlength to derive an expression describing olefin 

reactivity in pure linear and SLO feeds. This expression was expanded to 

include the effect of reaction temperature as well as syngas composition and 

pressure. 

As regards temperature, a deviation in the reaction kinetics possibly as a result 
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of the onset of ColEP catalyst changes occurred at temperatures between 175 

and 185°C. This was ascribed to mass transfer limitations caused by higher 

rates of reaction and the inherent catalyst instability at the higher temperatures. 

The results were compared to those of others. An activation energy of 

approximately 99 kJmo1-1 was measured for C11 and C12 olefins with the Co/EP 

catalyst. This is comparable to activation energies reported by other workers, 
\ 

but with other catalysts (unmodified Co and TPP modified Rh). The results in 

this study were superimposed onto those of other workers [Voorhies et al., 

1957]. The resultant Arrhenius plots indicates that an approximately linear trend 

exists between the onset of mass transfer limitation and reaction temperature 

regardless of the feed and cobalt catalyst. 

It was proposed that additional work (with different catalysts and reaction 

conditions) should be undertaken to verify and expand on this theory linking 

reaction rates to catalyst deactivation and temperature. 

There was little evidence to indicate that changing the temperature in the 1 ss0 c 
to 195°C range affected the reaction selectivities at high conversions. 

On changing the syngas composition and pressure, it was demonstrated that a 

2:1 H2:CO ratio employed at a total PH2 +co of around 75 bar (g) gave the best 

combination in terms of reaction selectivities, conversion and rates. Runs 

undertaken at a total pressures of 45, 60 and 90 bar (g) wherein the H2:CO ratio 

was varied between 0.5 and 2 were used as "yardstick" in this regard. 

The presence of a significant quantity of C02 (11 bar (g)) in the syngas, did not 

appear to markedly affect the reaction rate and selectivities. Given the relatively 

low quantities of C02 in commercial F-T syngas, and the findings on the effect 

of C02, it is tentatively suggested that it is not necessary to remove it from 

syngas that is fed to a continuous process. This recommendation is based on 

the use of a Co catalyst with the EP ligand, and similar reaction conditions to 
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those used in this study. In addition, it is further recommended that KOH be 

used in a continuous system - KOH is basic and C02 is acidic. The report by 

Kummer et al. [1972] that alkali can stabilize alkylphosphine Co catalysts at low 

C02 levels, and the effect of KOH shown in this study are cited as reasons for 

this. 

The results of experiments undertaken in this chapter, indicated a suitable 
' 

combination of reaction conditions for ensuring a combination of catalyst 

stability; high reaction rate and high selectivities to alcohol. The following set of 

"standard" conditions are therefore proposed: 

Co:KOH molar ratio: approximately 0.75:1 (not necessarily optimum). 

EP:Co molar ratio: approximately 2: 1 (but definitely >1 ). 

Cobalt concentration: 1000 to 2600ppm (mg/litre) range is acceptable (in batch). 

Temperature: 170°C. 

Syngas composition : H2: CO ratio of approximately 2: 1 . 

Syngas pressure: approximately 75 bar(g). 

Stirrer speed: ;::500rpm (to ensure results in the correct kinetic regime). 

Various of the above reaction conditions are in agreement with reported ranges 

of conditions employed (in patents and Falbe's review/s) with phosphine 

modified Co hydroformylation catalysts. 

Having determined suitable reaction conditions, compatibility of the SLO feeds 

with the Co/phosphine catalysts and extracted kinetic data, it was decided to 

investigate the following: 

Extrapolation of batch reactor conditions and results to a continuously operated 

reactor unit, and development of a model to achieve this. 



CHAPTER 6 

MODEL DEVELOPEMENT FOR SCALE-UP 
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6 MODEL DEVELOPMENT FOR SCALE-UP OF HYDROFORMYLATION 

SYSTEMS 

6.1 THE REACTION SCHEME 

The kinetics of olefin consumption evaluated in the previous chapter, is in itself 

insufficient for determining or predicting the performance of a continuous reactor 

system as described in Chapter 2 (Section 2.1.3 and Figure 2. 7). This is due to 

other reactions occurring in sequence or in parallel to hydroformylation. These 

"additional" reactions also have to be modelled, based on a suitable reaction 

scheme. 

Profiles of the reactor contents, as for example in Figure 4.2, may be used to 

describe the general pathway of the hydroformylation and associated reactions 

in SLO and pure feeds as follows: 

It appears that during the initial stages of the reaction, most a-olefins in the 

feed are isomerized to internal olefins prior to being hydroformylated and/or 

hydrogenated. Analysis of the hydroformylation products, viz., aldehydes and 

alcohols, indicates very few of these are derived from the internal olefins in SLO. 

This implies that "re-isomerization" back to the a-olefin occurs prior to 

hydroformylation. This re-isomerization also occurs in 1-decene feeds, but to a 

lesser extent (see Section 3.4.3.2). Aldehydes formed by hydroformylation of 

the a-olefins are subsequently hydrogenated to alcohols. _The major side 

reactions which result in lower hydroformylation product yields are olefin 

hydrogenation and heavy ends formation. Ignoring the effects of carboxylic acids 

in the feed, most of the heavy oxygenates have been identified as formic acid 

esters which are derived from reaction of CO with aldehyde (see Section 4.4.7). 

Using these observations, the general reaction pathway shown in Figure 6.1 is 

proposed. 

~-------------------------
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Figure 6.1 General pathway of reactions as deduced from the experimental 
data. 
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The large amounts of internal olefins formed from a-olefins initially under 

reaction conditions, implies that coordination and re-coordination of a and 

internal olefins to the catalyst complexes readily occurs. This is presumably 

because of internal olefins being thermodynamically favoured over a-olefins. 

Since these reactions take place at a higher rate than hydroformylation, this 

implies that a higher activation energy for hydroformylation needs to be 

overcome compared with isomerization. This isomerization does not appear to 

influence the reaction rate of olefin consumption (and hydroformylation) which 

remains first order with respect to the total olefin concentration. 

The aldehyde profiles of all the constant pressure runs undertaken in Chapters 

4 and 5 appear to indicate that the aldehydes disengage from the catalyst, and 

subsequently re-engage in order to be hydrogenated to corresponding alcohols. 

Furthermore, aldehydes are postulated as giving rise to formic acid esters, ie. 

a larger HOF (see discussion in Section 4.4.7). It has been noted that base 

catalyzed aldol condensation products were difficult to detect in the micro

reactor products. 
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In order to check the foregoing concepts, Runs 46a-b were undertaken (see 

Table 5.1 ). A mixture of 70ml 1-decene and 30ml hexadecane internal standard, 

0.876g Co(OOCCH3h,4H20, 0.344g EP ligand, and 0.159g KOH, was 

pressurized to 75 bar with 2:1 H2:CO syngas at 170°C in Run 46a. After 8 hours, 

approximately all the 1-decene had been consumed. The reaction mixture was 

cooled to ambient temperature, and 1 OOml of 1-undecanal was added to the 

remaining reactor contents. The reaction mixture was subsequently heated to 

170°C under N2 , and re-pressured with 2:1 H2:CO to 75 bar at time zero. The 

system was then stirred for another 8 hours (Run 46b). 

Heavy products different to those measured in routine micro-reactor runs 

(presumably aldol condensation products) formed during the heating up period 

for Run 46b at low pressure under N2• and prior to the introduction of syngas. 

This is illustrated by way of Figure 6.2 a-b. Subsequent syngas introduction did 

not result in additional heavy aldol product formation, but did result in 

hydrogenation of the original condensation products (see Figure 6.2 b-c). 

However, the light ester component (formates) did increase. In addition to the 

small increase in esters, the linear aldehyde was converted to the corresponding 

linear alcohol under hydroformylation conditions. These results are 

demonstrated by way of Figures 6.2 and 6.3. 
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Figure 6.2 GC traces of a) Run 46b feed before heating (Run 46a product); 
b) After heating (low pressure of N2); c) After 8 hours TOS (high 
pressure of syngas ). 

Reactor products: 1-decene hydroformylation (with KOH). 
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Figure 6.3 Effect of feeding aldehyde to a Co/EP system under 
hydroformylation conditions. 
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Figure 6.4 First order rate plot describes aldehyde conversion to alcohol and 
esters. 
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The above findings indicate that KOH probably does catalyze the formation of 

aldol products, but this reaction is not apparent under hydroformylation 

conditions. This has important consequences for a continuous process, and 

indicates that aldehyde recycle in the presence of KOH (and absence of syngas) 

may be deleterious to such a system if heating in the recycle stream occurs. 

Aldol condensation products were indeed identified by GC-MS in the recycle 

stream (heated) of the continuous reactor system. 

As expected, aldehydes were readily converted to alcohols under 

hydroformylation conditions. This reaction is first order with respect to the 

aldehyde (see Figure 6.4), and confirms subsequent kinetic modelling results, 

discussed in Section 6.3. 

The foregoing experiments prove . th.at after aldehyde formation (ie. 

hydroformylation of the olefin), the aldehyde probably disengages from the 

active Co site and subsequently has to re-coordinate in order to be 

hydrogenated to the alcohol. 

The above work confirms details of the general pathway of reactions proposed 

in Figure 6.1 and paves the way for kinetic modelling of the experimental data 

based on a simplified reaction sequence wherein the internal and a-olefins can 

be grouped. This is demonstrated in Figure 6.5. 
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Figure 6.5 Simplified reaction sequence of liquid components (excluding CO 

and H2) as deduced from the experimental data. 

Alcohols 

Olefins 
Esters I HOF 

6.2 MODELLING OF THE REACTION NETWORK 

6.2.1 Background and Approach 

Many references for hydroformylation kinetics appear in the literature. These are 

listed and in some cases reviewed by Cornils in Falbe's Review [1980] - see 

additional references at the end of the reference list. However, only two 

subsequent articles by Helfferich [1989] and Chern and Helfferich [1990], were 

sourced that deal in some detail with modelling of Co/P systems. (The work by 

Tucci [1970] is limited to kinetic comparisons of the first order rate constant 

describing olefin disappearance). Chern and Helfferich presented a theoretical 

paper based on assumptions of reaction orders, in which the rate equations are 

derived mathematically, using a Co/P catalyzed hydroformylation system as an 

example. In the article, emphasis is placed on the reduction of the mathematical 

complexity of proposed system/s as described by Figure 6.6, so as to "reduce 

the set of rate equations for all the participants to just the end members 

(products) and non-trace intermediates". The paper does not include 

discussions on uniqueness, techniques for parameter fitting, reversibility, 
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thermodynamic constraints [Sorenson and Stewart, 1980], or experimental data 

validating the authors' equations and model. 

Figure 6.6 Reaction network for olefin hydroformylation including reactions 

to paraffin, alcohol and condensation product as proposed by 

Chern and Helfferich (1990]. 

H2 
co x s ........ x -+ ale 

-./)'cat 
...-

6 cal' 

cat 
aid HB 

~ aid HB ca1 

ole ~ x ........ X 
CO I..- 2 

B- x ~ ...- x -+ X9? 

ca1' ~ 

ale = alcohol 

ald = aldehyde 

par 

cond = condensation product (alcohol) 

cat= HCo(C0)3 PR.3 

7 8 B-

cat'= HCo(C0)2 PR.3 CO deficient hydrofonnylation catalyst 

ole= olefin 

par = paraffin 

B- = base catalyst 

HB = conjugate acid 

X = intennediates 

co 

H2 H2 
x -.x -.x -cond 

10 11 12 

HzO cat' 

In essence, the authors (Chern and Helfferich, 1990] present a mathematical 

model in which the rate equations can be simplified to the following expressions: 

(6.1) 
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- rolefin • 
k [cat] [ale] 

1 + k' [H2]/[CO] 

r par • 

ko1ekpar[cat][ale] 

1 +ka(CO]/[H2] 

kA [cat] [aid] 
ralc • -------

1 + k8 [CO]+ kc[CO]/[H2] 

2 k,[B-][ald.]2 

1 +kg[ald.]+kh[HB] 

ko1e,k
23 

[cat] [ale] 

1 +kakb+ka[CO]/[H2]+kb[H2]/[CO] 

k21 k23 
-~~-+ +k 
1 + [H2]/ ka [CO] 1 +kb [H2]/[CO] par 
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(6.2) 

(6.3) 

(6.4) 

(6.5) 

kA (cat] [aid] 2k,[B-J [ald.)2 

1 +kg[ald.]+kh[HB] 

(6.6) 

Equations (6.1) to (6.6) above were derived from Chern and Helfferich's article. 
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The numerous k-values for the above equationswere derived mathematically by 

the authors. The theoretical basis for the derivation of the values is not relevant 

for the purposes of this thesis. The general form of the equations are of more 

concern. With the exception of the equation describing the rate of 

condensation/heavies formation, (for which an alternative mechanism of 

formation has been postulated - see section 4.4. 7) the above equations were 

simplified by taking the temperature, CO and H2 and catalyst concentrations as 

being constant and assuming no mass transfer limitations, to give the following 

first order expressions: 

- r olefin • k' [cat][ole] 

r parr • k/ [cat][ole] 

ralc • k3, [cat] [aid] 

2k,[B-] [ald.]2 

raid - k2' [cat][ole] - k3' [cat][ald] - ------
1 +kg [ald.]+kh[HB] 

(6.7) 

(6.8) 

(6.9) 

(6.10) 

(6.11) 

Where for consistency with rate data presented in Chapters 4 and 5 (see Tables 

4.3 and 5.3);. 

(6.12) 

Furthermore, the [cat] or catalyst concentration term, can be replaced by the 

cobalt concentration [Co]. which is easier to measure. 

Equation (6.11) indicates that the rate of aldehyde appearance is a function of 

the rate that it- forms minus the rate at which it is hydrogenated to alcohol and 
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minus the rate at which it is removed to form heavies. The subscripts for k 

values in equations (6. 7) to (6. 11) denote the various reaction steps indicated 

in Figure 6.5 such that; 

k1 is the rate constant for paraffin formation from olefins. 

k2 is the rate constant for aldehyde formation from olefins. 

k3 is the rate constant for alcohol formation from aldehydes. 

k4 is the rate constant for formic ester /HOF formation from aldehydes. 

Analyses of heavy components in the products indicated the presence of formic 

acid esters. These form as a result of the reaction of syngas with aldehydes, and 

therefore as previously discussed (see Section 4.4.7), a different mechanism of 

heavies formation to that proposed by Chern and Helfferich [1990] appears to 

occur. The experimental results confirmed heavy oxygenate formation in the 

presence and absence of bases· (see Section 4.4.6). This contradicts Chern 

and Helfferich's proposed mechanism for heavies formation as a result of base 

catalyzed condensation of aldehydes in these types of systems. 

For modelling purposes, the reaction rate terms in equations (6.14) - (6.18) 

which follow, are similar to equations (6.1) - (6.11) with the exception of the 

rheavy term in equation (6.18) which replaces the rcond term in equation (6.5). The 

MWheavy term in equation (6.18) is taken to be the molecular weight of the 

relevant formic acid ester. 

6.2.2 Equations For Proposed Kinetic Model 

Based on the above simplification of the Chern and Helfferich's [1990] 

theoretical proposal, the following equations may be used to describe 

appearance or disappearance of classes of compounds in the batch reactor and 

by so doing obtain a kinetic model. 

In order to utilize the discussed equations, the reaction rates still need to be 
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defined. The governing equation for a species j (where j can represent any of 

the liquid components) can be written as follows: 

d( Mjlf) 
------ • r. /f 

dt J 
(6.13) 

where Mj refers to the mass fraction of component j in the reactor, fj the 

formation rate of componentj, t represents time and f, the dilution factor (see 

Section 2.3.1.2). 

More specifically, based on the suggested kinetic model using equations (6.7) 

to (6.12) the reaction rates can be expressed as follows 1: 

- 'olefin • 'aid + r par 

hence, 

(6.14) 

'aldehyde • k2 [ole] - k3 [aid] - k4 [aid] 

k ( MWaldehyde l M (k k ) M 
'aldehyde • 2 MW olefin - 3 + 4 aldehyde 

olefin 

(6.15) 

1 MW refers to the molecular weight of the components in the batch reator. This is built into the 
rate equations to reflect the changes in the mass of the measured compenents as a result of 
the reactions. ie., the mass of fill the reactants (including H2 and CO, the concentrations of 
which are constant) are thereby taken in account. 
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r paraffin • k1 [ole] 

hence, 

( 
MWparaffinl r paraffin • k1 MW Molelin 

olefin 
(6.16) 

'alcohol • k3 [aid] 

hence, 

k ( MWalcohol l M 
'alcohol • 3 MW aldehyde 

aldehyde 
(6.17) 

rheavy • k1 [aid] 

hence, 

( 
MWheavy l 

(heavy • k4 MW Maldehyde 
aldehyde 

(6.18) 

For a given set of kinetic constants (i.e. k1, k2, k3 and k4) the above equations 

can be solved to give the mass fractions of the respective species as a function 

of time. This is done numerically by using the Gear method [Hindmarch, 1989] 

in IMSL [1989] Math/Library Fortran Subroutine, IVPAG. 
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6.2.3 Fitting of Kinetic Rate Constants 

The aim is to select the kinetic rate constants (ie. k1, k2, k3 and k4) in such a way 

that the numeric results (which are obtained by methods as discussed above) 

will approach the experimental results. In other words, if the mass fraction of 

component j observed experimentally at time t is represented by Mj and the 

mass fraction predicted numerically at the same time is represented by M1, it is 

necessary that Mi-has to approach Mj. In order to ensure this, one of the 

following error functions was minimized: 

m n 

e1 • LL (M/t,) - ~(t,))2 
;.1 j-1 

(6.19) 

and 

m n 

e2 - LL (lnMp1)- ln~(f1 ))2 (6.20) 
;.1 j-1 

where m refers to the number of experimental points and n to the number of 

liquid species. The first error function is sensitive to large differences while the 

second error function amplifies differences which occur at low concentration 

levels. Consequently, if the minimization of the two error functions predict 

similar kinetic constants one would expect the model to be valid over a wide 

range of concentration levels. This serves as a check for the validity of the 

model. A mathematical advantage of the second error function is that the log 

of the conversion varies linearly with time for a first order reaction. This 

simplifies the optimization to the fitting of a straight line. In order to minimize the 

first error function a quasi-Newton method [Deuflhard, 197 4] with a finite

difference gradient as employed by the IMSL [1989] routine UMINF, was used. 
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6.3 MODELLING RESULTS 

All the experiments undertaken in Chapters 4 and 5 were modelled using 

equation (6.19) as the goal function, as this places less emphasis on the data 

collected at high conversions (see the previous description of equations (6.19) 

and (6.20)). The results are listed in Appendices 8 and 9. To demonstrate the 

effectiveness of the modelling approach, various results are also listed in Table 

6.1. 

In Table 6.1, the k values are the first order rate constants of olefin consumption 

experimentally determined from the slopes of -ln(1-C) plots versus time from 

equation (6.21 ). 

-ln(1-C) • kt (6.21) 

Values for k1 •.• k4 were calculated using the modelling approach discussed. 

k'x values are the rate constant values after correction for the cobalt 

concentration using equation (6.12) above. 

The results listed in Table 6.1 are illustrated graphically (for various feeds and 

catalysts) in Figures 6.7 to 6.20. These are plots of the modified mass 

percentage (ie. 100Mt I ft % where Mt is the mass fraction of a species 

measured at time= t) of components in the reactor (expressed as mass units) 

versus time (see Section 2.3.1.2). The lines in the plots are generated from the 

model, and the experimental data are represented by points. 
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Table 6.1 Table of modelling results: Various runs with TOP and EP 

modified Co catalysts. 

Rate k (k,+k.,) k, k2 k3 k. IK I (K,+K.,) I K, I K2 I Kl I K. 
canst. 

(hr') 
Measured and calculated values at various catalyst Correcting for catalyst concentration using equation 

concentrations (6.12)2 

Run Meas. Calculated values Meas. Calculated values 

value value 

TOP ligand: Various runs (shown in Fiaures 6.7 - 6.11) 

32 0.37 0.43 0.09 0.34 2.29 0.21 1.14 1.32 0.27 1.04 7.05 0.65 

33 0.23 0.25 0.03 0.22 1.27 0.03 0.90 1.01 0.13 0.88 5.11 0.11 

31 0.51 0.53 0.07 0.46 1.72 0.08 1.98 2.03 0.26 1.77 5.87 0.56 

29b 0.26 0.26 0.03 0.23 1.78 0.01 1.15 1.18 0.15 1.03 8.00 0.06 

EP liqand : Various runs (shown in Fiaures 6.12 - 6.20} 

46a 0.81 0.77 0.05 I 0.73 2.31 0.03 3.93 3.72 0.22 3.50 I 11.16 0.16 
l 

I I l ' 
46b - - - I • 0.77 0.05 - - - I - I 11.14 0.72 

I I 0.00 44 0.98 1.02 0.02 I 1 3.16 I 0.14 3.79 3.93 3.84 12.21 0.52 

50b:C11 0.56 0.73 0.02 I 1.35 0.02 3.34 4.34 I 

I 
4.23 8.00 0.10 ' 0.71 ' 0.11 

' I ! 0.14 c,, 0.48 0.59 0.02 j 0.57 1.28 0.05 2.83 3.50 3.36 7.60 0.29 

: 0.39 I 0.001 I I I 0.01 51 :C11 0.39 0.39 0.43 0.001 3.87 3.87 0.01 I 3.86 4.30 
I I I i 0.001 I i 0.001 : 0.01 c,, 0.29 0.32 ! 0.31 0.96 2.87 3.14 0.01 3.13 9.61 

I I I 0.10 I i 
353:C11 0.85 0.96 ! 0.03 0.93 3.53 4.09 4.64 0.16 4.49 17.04 i 0.47 

! 
c,, 0.78 0.90 ' 0.03 I 0.87 3.54 ! 0.07 3.76 4.33 0.12 I 4.21 17.05 ] 0.36 

1 k values should be similar to (k,+k-i) - see Section 6.4. 

2 Rate constant values were rounded off to the second decimal place, hence the occasional 

discrepancies after correcting for catalyst concentration. 
3 Run 53 undertaken in the absence of KOH, thereby explaining the higher reaction rates. 

I 
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Figure 6.7 Modelled and Experimental Data: C10: 1-Decene feed; 
Co/TOP catalyst (with KOH); Run 32. 
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Figure 6.8 Modelled and Experimental Data: C10 SLO narrow 
fraction(A); Co/TOP catalyst (with KOH); Run 33. 
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Figure 6.9 Modelled and Experimental Data: C10 SLO narrow 
fraction(A); CoffOP catalyst (without KOH) ; Run 31. 
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Figure 6.10 Modelled and Experimental Data: C10 SLO broad fraction 
(B); CoffOP catalyst (without KOH); Run 29b. 
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Figure 6.11 Demonstration of experimental and modelling 
for four runs undertaken with a C10 SLO broad 
Co/TOP catalyst (without KOH);Runs 29a-d. 
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The results in Figure 6.11 and Table 6.2 (4 runs undertaken under the same 

conditions) demonstrate repeatability. 

Table 6.2 Results of 4 repeated runs undertaken with a C10 SLO broad 

fraction; Co/TOP catalyst (without KOH); Runs 29a-d. 

Meas. Modelled values Meas. Modelled values (corrected for catalvst cone.) 

Run k (k,+k.) 

29a 0.3 0.29 

29b 0.26 0.26 

29c 0.29 0.29 

29d 0.3 0.29 

Where k, = k' ,/[Co] · 

[Co] = g/1 OOml 

k, k k 

0.03 0.26 1.43 

0.03 0.23 1.78 

0.04 0.26 1.62 

0.03 0.26 1.46 

k, I( (I( +/( ,) I(. /(, /(' /(, 

0.01 1.33 1.31 0.15 1.16 6.45 

0.01 1.15 1.18 0.15 1.03 8 

0.01 1.29 1.32 0.16 1.16 7.29 

0.01 1.33 1.32 0.15 1.17 6.55 

0.05 

0.06 

0.04 

0.05 
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Figure 6.12 Modelled and Experimental Data: "Feed preparation for Run 
46b": 1-Decene feed; Co/EP catalyst (with KOH) ; Run 46a. 
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Figure 6.13 Modelled and Experimental Data: Effect of aldehyde addition 
to Run 46a (above) reactor products; Co/EP catalyst (with 
KOH) ; Run 46b. 
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Figure 6.14 Modelled and Experimental Data: C10 olefins: C10 SLO broad 
fraction (A); Co/EP catalyst (with KOH) ; Run 44. 
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Figure 6.15 Modelled and Experimental Data: C11 olefins: C11 _12 SLO broad 
fraction (A); Co/EP catalyst (with KOH); Run 50b. 
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Figure 6.16 Modelled and Experimental Data: C12 olefins: C11 _12 SLO broad 
fraction (A); Co/EP catalyst (with KOH) ; Run 50b. 
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Figure 6.17 Modelled and Experimental Data: C11 olefins: C11 _12 SLO 
broad fraction (B); Co/EP catalyst (with KOH) ; Run 51. 
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Figure 6.18 Modelled and Experimental Data: C12 olefins: C11 _12 SLO 
broad fraction (B); Co/EP catalyst (with KOH) ; Run 51. 
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Figure 6.19 Modelled and Experimental Data: C11 olefins: C11 _12 SLO 
broad fraction (D); Co/EP catalyst (without KOH); Run 53. 
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Figure 6.20 Modelled and Experimental Data: C12 olefins: C11 •12 SLO broad 
fraction (O); Co/EP catalyst (without KOH); Run 53. 
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From the previous sections it follows that the experimental k values derived from 

the slopes of the first order plots of-ln(1-C) versus· reaction time as represented 

by equation (6.21 ), should correspond with (k1 + k2) values from equation 

(6.14). The k and (k1 + k2) values were derived by effectively minimizing the 

natural log (see equation (6.19)) and the absolute squared error (see equation 

(6.20)) functions respectively. Using equation (6.20), the model places emphasis 

on data collected at the beginning of the experiments, whilst the k values 

derived from the ln(1-C) versus time plots emphasize data collected at low olefin 

concentrations. This is because at high conversions (ie. low olefin 

concentration), small differences in conversion give rise to large differences in 

the In( 1-C) values on the y axis of these plots. Only olefin concentrations are 

used in equation (6.21) to calculate k, whilst all the component concentrations 
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are used in the calculations of k1 and k2 with the second (modelling) approach. 

It is noteworthy that when the second error function (equation (6.20)) is used, 

and the olefin error is weighed more heavily, the k values obtained by 

measuring the slopes of the first order rate plots can be reproduced by 

modelling. Differences between the k and (k1 + k2) values are shown in Table 

6.1 and in Appendices 8 and 9. 

There is generally a good correlation between the k and (k1+ k2) values for the 

runs with TOP and EP ligands under "standard" reaction conditions of Co:P 

molar ratio (Co:P:::1:2), temperature ( :::170°C), as well as syngas pressure and 

composition (total pressure ::: 75 bar (g), H2:CO :::2: 1 ). Figure 6.21 graphically 

compares modelling results using the k and (k1+k2) approaches. Where large 

differences exist, these are pointed out. The differences are indicative of 

uncertainties in the values of the kinetic constants. The scatter of data points 

on both sides of the central (expected) line in Figure 6.21 indicate that where 

differences between the k and (k1+ k2) exist, these differences are not 

necessarily due to a deficiency in the model caused by "less reactive olefins" 

remaining in the batch reactor toward the end of the experiments. If this was the 

case, then all the data points would lie above the median. That is, k values 

would be lower than (k1+ k2) values due to the emphasis placed on the olefins 

at low concentrations as discussed above. 

Where large differences between the k and (k1+ k2) values exist, these are. 

often for runs undertaken at "non standard" conditions - see key to notes in 

Figure 6.21. These "non standard" conditions appear to indicate changes in 

reactivity of olefins in the systems with TOS, and are indicative of conditions 

under which the model may break down. This may be taken to imply that the 

model is a "narrow" one. 
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Figure 6.21 Comparison of olefin consumption predictions using modelling 
~pproach (k1+ k2) and the measurement of k from plots of -ln(1-C) 
versus time: TOP and EP ligands. 
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Key to Notes in Figure 6.21: 

Note 1: 

Note 2: 

Note 3: 

Data collected under "non-standard" conditions of temperature 

(indicates various runs not undertaken at 170-175°C). 

Data collected under "non standard" syngas pressure and 

composition (ie., 75 bar (g) and H2:CO ratio not 2: 1 ). 

Data points were collected using starting EP:Co molar ratios of 0.5 

and 1, compared with a "standard" ratio of 2. 

If one discards the data points collected using temperatures ~ 175°C; syngas 

compositions not close to PH2 = 50 bar and Pea= 25 bar; and P:Co molar ratios 

< 1, the accuracy of the model/scan be ascertained. Student's t-tests (Clarke 

and Cook (1977]) were undertaken in this regard. Assuming the null hypothesis, 

ie., that the difference between the mean (k1+k2) and k values should equal 
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zero; the results indicated that there were not significant differences at the 99% 

and 95% confidence levels for the TOP and EP ligands respectively. 

This correlation is indicative of a satisfactory mass balance as well as a 

satisfactory model based on the proposed reaction pathway. This is because 

measured products and olefins are used in the (k1+k2) approach, whilst only 

olefins are made use of in determining k. 

In addition, Figure 6.13 illustrates that the model accurately predicts aldehyde 

conversion to alcohols from the batch experimental data. For Runs 46a and 46b 

(where aldehyde was added to the system in Run 46b) k3' values of 11.16 and 

11.14 hr1 were obtained respectively. These values therefore appear to indicate 

that most (if not all) the aldehyde desorbs from the catalyst complex before re

adsorption prior to hydroformylation. Measurement of the slope of the curve of 

-ln(1-(fractional aldehyde conversion)) against time in Figure 6.4 gave a value 

of 0. 786 which after correcting for cobalt concentration (dividing by [Co]), gives 

a value of 11.23 hr-1 
. This is similar to the k3' values and may be taken to serve 

as additional confirmation of the model accuracy. 

6.5 CONTINUOUS CATALYST TESTING 

In order to test the validity of the results generated in the micro-reactor, 

continuous testing of the catalyst/s were undertaken with a larger reactor system 

as described in Section 2.1.3. 

The primary function of the continuous reactor was to test catalyst lifetime in 

order to evaluate catalyst - feed compatibilities. The reactor was operated 

continuously for periods of time up to 2 months without instability using SLO 

feeds similar to the ones tested in this study ie., there was no unexpected 

catalyst deactivation or build-up of a HOF. Termination of continuous runs were 

usually necessitated by changes to the feed and/or catalyst. Reaction 
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selectivities and product linearities were the same as those measured in the 

constant pressure micro-reactor batch experiments. These values, as well as the 

measured olefin conversions (see Figure 6.24) remained approximately constant 

during periods of continuous testing. 

The success of the operation demonstrated the suitability of HTF-T feeds (SLO) 

for use as a hydroformylation feedstock. 

The kinetic model was verified on the continuous reactor system. This was 

performed by combining the kinetic results derived in the current study with the 

following mass balance describing the performance of the continuous reactor 

system: 

(6.22) 

Equation 6.22 represents the mass balance for a species '']' over the reactor 

(where'']' can represent any of the liquid components). M)" and M/ut refer to the 

mass fraction of component} at the inlet and the outlet of the reactor, ratej is the 

formation or consumption rate of component} evaluated at the outlet conditions, 

and t represents the residence time. The dilution factor f, is defined as the mass 

of liquid entering the reactor divided by the mass of liquid leaving the reactor. 

As the work on the continuous reactor system is still ongoing, these results will 

be published at a later date. 

6.6 CONCLUSIONS 

A kinetic model for the multistep hydroformylation reaction catalyzed by 

alkylphosphine modified Co catalysts was developed and successfully tested. 

This model is based on a proposed reaction pathway and "batch" micro-reactor 

data obtained using pure and SLO feeds. 
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Continuous operation of the larger reactor system further demonstrated that SLO 

feeds are compatible with phosphine modified Co catalysts. After pre-treating 

the feed with aqueous NaOH, no gross poisons could be identified. This 

confirmed earlier theories on the "cl~anup" of feed being limited to carboxylic 

acid removal. 
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7 CONCLUDING REMARKS AND RECOMMENDATIONS 

The original objectives of the study as set out in Section 1 .4 of Chapter 1 , were 

met. These were; i) to identify a suitable hydroformylation catalyst system for 

HTF-T feeds; ii) characterization and quantification of such a hydroformylation 

system whilst; iii) testing the effects of reaction variables, including feed 

composition and ligand variants and; iv) a kinetic investigation incorporating; v) 

modelling for scale-up of a selected system based on micro-reactor results. 

These objectives are reviewed in the Synopsis as well as in the conclusions of 

Chapters 3-6. 

In addition to the conclusions already made in the previous chapters, the 

following general remarks and recommendations are made: 

Although the study was limited to testing feed fractions giving rise to products 

in the C9 _13 range, it is conceivable that lighter and heavier fractions would also 

be suitable feedstocks. Indeed, the lighter fractions in HTF-T products contain 

more olefins in relation to "inerts", and this would yield more productive 

hydroformylation systems. 

Distillation, and removal of carboxylic acids were identified as the only pre

requisite steps in the feed preparation for phosphine modified cobalt systems. 

Since no continuous test with a Rh catalyst system was performed, additional 

purification of the feed may be necessary with Rh-based catalysts. The linearity 

of the feed, and therefore the products, can be enhanced by refractionating the 

feed so as to concentrate the linear a-olefin. The additional cost in the feed 

preparation has to be weighed up against the potential benefits of a more linear 

product. 

Due to reported difficulties associated with efficient rhodium catalyst recovery 
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in the hydroformylation of higher olefins, it is recommended that Co based 

catalysts be employed with these feeds. Recent 2-phase systems which make 

use of modified ligands such as those developed at Hoechst [Kuhlein, 1994] and 

Union Carbide [Abatjoglou et al., 1995] which are proposed as being suitable for 

rhodium catalyst recovery in long chain olefin hydroformylation,. may hold 

promise. However, the complicated and polar nature of SLO feeds may pose 

problems in a system employing phase separation as a method of catalyst 

recycle. 

In situ characterization of the hydroformylation catalyst complexes is 

recommended in order to more accurately quantify and qualify the effect of 

reaction variables on the "working" catalyst. Computer-based molecular 

modelling of the catalyst complexes, would also be useful. Such a study, in 

which molecular orbital theory plays an important role, can be used to determine 

the energetic states of reaction intermediates. The results could be used to 

determine the most suitable metal/ligand combination for a catalyst, as well as 

the desired olefin distribution in a SLO feed. In this manner, the system could 

be "tailored" to give the best combination of performance and product 

characteristics. 

Hydroformylation feedstock "ageing" should be avoided due to the formation of 

oxidizers/ peroxides [Kindermans, 1994][Wood and Garrou, 1984]. SLO feeds 

may be particularly sensitive to these problems because of oxygenates already 

present. A feed "ageing" study, or investigation into a suitable oxygen 

"scavenger'' may therefore be of use. Alternatively, this issue would be largely 

negated on integration of F-T and Oxo process in that immediate use of the F-T 

streams would be facilitated. 

A proposed integration of HTF-T Synthol and Oxo processes is illustrated in 

Figure 7.1. This could hold the following advantages: 
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Integration of the gas streams. 

Decreased capital costs for a hydroformylation plant, because of existing 

.facilities and infrastructure. 

All the feedstocks for a hydroformylation process are essentially sulphur 

free. 

Apart from acting as a solvent, the inert components in SLO have 

alternative synthetic fuel value and can be routed to existing oil work-up 

facilities. 

Minimal "cleanup" of the feed. 

Value addition or beneficiation of HTF-T products. 

Figure 7.1 Schematic representation of incorporation of an Oxo process into 

an existing Synthol plant. 
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A unique mix of hydroformylation products is obtained due to the structure of the 

mono-methyl branched olefins in SLO. Making use of Rh and Co based 

catalysts, it was demonstrated that the branched hydroformylation products 

were mainly mono-methyl branched primary aldehydes and/or alcohols with the 

methyl branch being at any position along the linear molecular "backbone". The 

smaller quantities of di-methyl branched products may be characterized by the 

fact that they also have methyl branches at any one position along the linear 

molecular "backbone", but the second methyl branch is the 2-methyl one. In 

contrast, the only methyl alcohols obtained with pure linear feeds are of the 2-

methyl variety, with the balance of the branched material resulting from 

hydroformylation of internal olefins. 

The various mono and di-methyl branched hydroformylation products described 

can therefore be considered exclusive to high temperature F-T feeds. The 

chainlength of the branched side "groups" are generally of the same length or 

shorter than branched side-chains obtained with pure linear olefin feedstocks. 

It can be speculated that detergents containing these mono and di-branched 

species may be superior, as they contain a unique combination of linear and 

branched character. Linearity is associated with natural and high value products, 

whilst branched detergents are reportedly stronger or more active surfactants. 

This represents an opportunity. 

It is worth mentioning that the SLO derived alcohols were purified by 

conventional methods of 1 ), distillation, 2) caustic treatment for ester removal, 

and 3) hydrogenation, were demonstrated [Betts et al., 1996] to be as 

biodegradable as commercially available detergent alcohols which are 

approximately 85% linear. Further comparative tests should shed light on the 

surfactant performance characteristics. These are expected to be superior. 
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Finally, it can be concluded that a technical and commercial opportunity exists 

that the findings in this thesis can be used to add value to synthetic fuel 

feedstocks. 
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Appendix 1 

APPENDIX 1 

' Example of 1-Decene Hydroformylation 

GC trace of reactor liquids at intermediate conversion: 
1-Decene feed : Run 36. 

l{") 

Retention time (minutes) -

Key to the numbered peaks (MS identification): 

1 n-Octane impurities. 
2 n-Octane. 

00 

3 Region of remaining decene (internal olefins) and n-decane. 

'"' ..,. 

4 Branched aldehydes (formed by hydroformylation of internal olefins). 
5 1-Undecanal. 
6 Branched alcohols (formed by hydrogenation of branched aldehydes). 
7 2-Methyl decanol. 
8 1-Undecanol. 
9 Ester (formate). 
10 Ester (decyl acetate). 
11 Hexadecane. 
12 Phthalate impurity. 

311 

::: 
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312 Appendix 1 

GC trace of reactor liquids after 100% conversion: 
1-Decene feed : Run 36. 

Retention time (minutes) -

Key to the numbered peaks: 

1 n-Octane. 
2 n-Decane. 
3 Branched alcohols. 
4 2-Methyl decanol. 
5 1-Undecanol. 
6 Ester (formate). 
7 Ester (decyl acetate). 
8 Hexadecane. 

•:::• 
,_ .. , 

i I 

·::i ..,. 

co 



l 
I 
I 
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Spreadsheet results of GC data workup: 1-Decene feed; Co/TOP catalyst: Run 
36. 

Raso.Fae. 

1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
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1.00 
1.00 
0.80 
0.80 
0.80 
0.80 
0.80 
0.80 
0.80 
0.80 
0.80 
0.80 
0.80 
0.80 
0.80 
0.80 
0.80 
0.80 
0.80 
0.80 
0.80 
0.80 
0.80 

0.80 
0.80 

Rol time 

3.63 
2.98 
4.93 

8.071 9.26 
9.45 
9.68 
9.791 
9.931 

10.22 
10.22 
10.64 
16.78 
28.17 
28.77 
29.25 
31.28 
31.60 
31.87 
32.66 
32.99 
35.24 
35.28 
35.33 
37.66 
38.94 
40.93 
44.59 
45.04 

~~1 52.14 
52.98 

68.35 
76.37 

i 

i 

10Srhours1 
SPECIES 

n-ocrane 
alpha olefin 

tnt olefin 
alj)ha olefin 

int olefin 
1-deeene 
int olefin 
int olefin 
int olefin 

n-decane 
int olefin . . 
aldehyde 

2n&<lecanal 
1·undecanal 

alcohol . 
2n&<leeanol 
1 ~undecanoi . . 

Es.to< . . 
n-nexadecane 

Heavy Oxo Fraction . . 

TOP 
TOP=O 

Using Dilution Factor 

Resuits 

Bas.ea on a.olefin: 
% 1-4eoene conversion 

o/o alpha decene conv&rslon 
% total dee-ane conv. 

% 1-d.ecane product linearity 
% overall product lineetity 

Sas&d on a..oie-ftn convened: 
% decane sel&tivity 

% aldehyde s&lec!Ni!y 
% aieohoi selectivity 

% internal o~fin selectivity 
o/o heavy oxygenate selectivity 

Normalized T.:>tal 
Correction factor 

Based on TOT AL olefin converted: 
% decane s&lect!v1ty 

% aidehyde selectivity 
o/o akx>hot seiectiv1ty 

% heavy oxygenate s•lectivi!y 

Normaliz•d T olal 
Correction factor 

Dilution factor 

-in(1-CJ 
a-ole: ·'n(l·C) 

Time (hours) 

Mass% 
alcha--oletin 

intern.al oi&tins 
total olefin 

d&eane 
ald•hydes 
alcohols 
h:eavtss 

other 

I 

0.00 
-% 

0.25 

18.16 
0.28 
0.00 
0.42 
0.00 

72.19 

0.29 

0.72 
0.00 
0.37 

I 

0.43 
8.91 
0.00 
0.00 
0.00 

0.00.I 

100.00 

3.85 
1.02 

0.00 

1.00 

0.00 
0.00 

0.00 

72.61 
0.66 
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0.72 
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0.43 

25.32 

I 

1.00 
mass% 

18.34 

0.28 

4.40 
7.94 
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2,62 
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8.84 

0.27 
1.13 
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I 
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i 
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I 
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0.00 
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12.01 
0.00 

26.06 
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0.31 
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97.50 
43281 

t 
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67831 
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100.00: 
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I 
I 
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1.00 

0.93, 
I 
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1.00 

WI 36.82 
38.59 

4.89 
7.61 

23.82 
0.63 
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3.00 
mass% 
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1.63 
6, 11 
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0.30 
0.58 
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0.29 
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0.36 
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3.00 I 
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I 
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15.301 
11.68\ 
79.37 ! 

0.761 
I 

107.111 
1.00' 

0.911 

0.791 
4.34 

' 
1001 

0.91 
29.431 
30.34 

6.11 
5.14 

35.36 
0.36 

22.68 

4.00 
mass% 

0.30 
19.84 

0.72 
10.121 
6.21 
1.22 
627 
3.87 
1.81 

0.39 
0.25 
2.68 
0.36 
0.48 
0.68 
3.44 

33.78 

0.45 

6.19 

,.:I 
100.00 

0.72 
4.42 

4,00 

98.89 
98.95 
64.13 

90.81 
86.23 

8.86 
4.37 

50.75 
35.93 
0.07 

100.00 
1.04 

13.64 
6.43 

74.62 
0.80 

95.49 
1.00 

I 

0.90, 

1.03 

4.561 

1.00 

0.721 
23.04 
:23.77 

6.27 
3.32 

36.95 
0.45 

27.24 

5.00 
mass% 

0.51 
19.39 

I 
0.781 
8591 
5.211 
0.99 
6.651 
3.081 
1.291 
0.26 

0.31 

2.20 
0.54 
0.61 
1.00 
3.79 

27.68 
9.52 

' 
0541 

! 

8.17 i 
! 
' i 

0.90! 

I 
j 

100.00i 

0.52 
4.17 

5.001 

98.78 i 
9S.a61 
69.21 i 

91.231 
8632! 

i 
I 

9.54 i 
3.331 

56.561 
30.371 

0.191 

100.00 1 

1.04] . 
~ 4 ! .3.8'; 
4.55: 

n.231 
0.901 

98.30: 
1.00 i 

0.69! 
I 

ual 
447! 

100! 

i 
0.781 

19.43 
20.21 I 

e.e5 l 
2.511 

43121 
0.54 

26.971 

8.17 
mass% 

20.23 

OJ 
6541 3.83 
0.73 

6.84, 2.20 
0.93 

1.66 
0.67 
0.74 
1.16 
4.26 

40.84 

0.32 
0.67 

6.18 
0.28 
0.25 
0.84 
0.25 

100.00 j 

0.53 
6.44 

6.15 

f 

99.09 i 
99.14 i 
nos I 

I 
90.88 I 
86.14 I 

i 
10,04 i 
2.251 

63.62 
22.38 

1.111 
i 

100.00: 

104 i 
I 

13141 
2.751 

77881 
2.661 

98.44 
100\ 

o.8a 1 

1.47 
4.76 

1.00 

o.56 I 
14.23 I 

'::1 
1.66 

47.66 
1.761 

27.25 I 

7.00 
mass% 

19.81 

0.61 
5.38 
3.19 
0.60 
8.78 
1.87 
0.77 

0.24 
0.24 
0,30 
1,48 
0.79 
0.85 
1.27 
4.50 

43.37 

0.27 

0.69 

:::1 
100.ool 

4.58 

7.00 

.. ,,I 
99,09 
80.70 

90.321 
64.54 

9.93 
3.06 

67.87 
18,42 
0.72 

100.00 
1.04 

12.43 
3.59 

79.71 
1.40 

97.13 
1,00 

0.87 

1.64 
4.70 

1.00 
I 

0.611 
11.79, 
12.40 

6.76 
2.26 

50.79 
0.98 

26.82 

8.001 
mass% ! 

0371 
17.14 

0.35 
4.68 
2.89 
0.51 
8.03 
1.45 
0.64 

1.17 
0.98 

0.99, 
1.45 
4.92 

28.46i 

8.15 i 
12.29 

::1 
6.15 

0.431 

100.ool 

0.76 
3.40 

8.00 . . 
99.451 
99.48 
83.79 I 

! 
90.50 I 
63.17; 

11.55 
2.77 

69.69 
14.67; 
0.92 I 

! 
100.00 I 

0.99 I 
I 

13.98 I 
3.291 

82.691 

1.621 

101.75, 
1.00 

0.87 

1.82 
5.26 

1.00 

035 i 
9.97 I 

10.32 ! 

8.031 
2.13 I 

54.291 
1.15 i 

24.09 ! 
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APPENDIX 2 

Example of SLO C10 Broad Fraction Hydroformylation 

SLO C10 broad fraction (as used in run 29a): Expanded GC trace at zero 
conversJOn; Co/TOP catalyst. 

Expanded~ 

Retention time (minutes) -

·::· ((1 ( J 

Key to GC-MS main peak identifications of numbered peaks: (Probable components in brackets) 

C10 olefin 16 Internal olefin 
2 Oxygenate + internal olefin 17 n-Oecane 
3 C10 olefin 18 Internal olefin + aromatic 
4 C10 olefin + aromatic 19 Aromatic 
5 Aromatic + paraffin/olefin 20 Internal olefin + unknown 
6 C10 olefin 21 Olefin I Aromatic 
7 Paraffin + aromatic + C10 olefin 22 Aromatic + cyclic olefin 
8 23 
9 Oxygenate + C10 olefin 24 
10 Aromatic+ C10 olefin + paraffin 25 Aromatic 
11 C10 internal olefin 26 Aromatic + paraffin 
12 Oiene + cyclic olefin 27 Aromatics 
13 C10 olefin + low aromatic 
14 1-0ecene 
15 Internal olefin 

LO 
N 
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SLO C10 broad fraction (as used in run 29a): Expanded GC trace at intermediate 
conversion; Co/TOP catalyst.· Demonstrates isomerization. 

lsamerizaticn in SLO: Composiiion at intermediate conversion 

a Recresents alpha olefins (remainir.g after isomerization to imerr.al oiefir.s). 

* Recresents iniernai alefins (ma;r.iy from a-oiefin isomerizaticr,). 

• Recresents n-decane. 

Baiance cf .:eaks (unmarked) represent F-T components (inert to hycroformyla!icn). 
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SLO C10 broad fraction (as used in run 29a) remammg after exhaustive 
hydroformylation: Expanded GC trace; Co/TOP catalyst. 

Key to GC-MS main peak identifications of numbered peaks: 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

Oxygenate 
Oxygenate + aromatic 
Aromatic 

Paraffin 
Paraffin 
Paraffin + di-olefin 
Oxygenate + low di-olefin 
Aromatic + paraffin 
Cyclic paraffin I olefin 
Diene I cyclic olefin 
Oxygenate + olefin (low) 
Aromatic 
Olefin/cyclic paraffin 

16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 

Internal olefin 
n-Decane + low diene 
Aromaric + low diene 

Diene /aromatic 

Cyclic diene 
Aromatic + diene 
Aromatic 
Aromatic + diene +paraffin 
Aromatic 



I 

_1LJ 

Appendix 2 

GC trace of reactor liquids at high conversion: 
SLO C10 feed: Co/TOP catalyst; Run 29a. 

A 

Remaining F-T components Di-methyl C11 alcohols 
+(remaining aldehydes) 

317 

c 

0 

8 

I """~sters 
C 12 alcohols 
+ (remaining aldehydes) 

Mono-methyl C 11 alcohols 

Key to main peaks: 

A n-Decane. 
B 2 Methyl-decanol. 
C 1-Undecanol. 
D Hexadecane internal standard. 
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Spreadsheet results of GC data workup: SLO C10 fraction feed; Co/TOP 
catalyst; Run 29a. Data breakdown and calculated results with TOS. 

TOS !hours) I 

Mass% of comoonen · orouos. ; 

Olefins: 

IA!dehydes: 
~rom: 

I 
' 'Alcohols: 
[from: 

I 

I 
I 
I 

iPareffin: 

I 
JHeavy oxygenates: 

i 
' i 
1SLO: lbalancei 

i 
iC.;invers1ons • lineanw 
I 

! 

I 

I 
a-olefin (6~ 
a-olefin(~ 
a-oiefin 141 
a-oiefin 13X 
a..o!efin 12~ 

1-decene 11i 
int. branched 12-7)1 

int. linear (1~ 

total br. a-oiefin 
total br. olefin 
total lin. olefiti 

total a-oie:! 
tot int..olej 

I 
total C 1 O oieflri 

I 
I 

a.olefin (6~ 
a-olefin 1sx 
a-olefm {4~ 
a-o1erm 13X 
a-olefin •2X 

1-d..,ene (1~ 
I 

total br. a-olefiri 

I 
total C 11 aldenvd<i 

I 
l 

a..olefin ro• 
a-olefin IS! 
a-olefin i4~ 
a-<Jlefin f3j 
a-olefin (2~ 

1-decene 11j 
i 

total int olefrri 
total br. a-oiefin 

I 

total C 11 aleoholSI 

total C12 a1conois: 

I 
ester cs 
ester :i 

~::tal 

dilution fac:~r. 

.ln(1-C~ 

1-decene c:::n. i~ 
a.-0ecene con_:~ 

overall decene con.~·~ 

I ~~ 1-decene prod. lineant~ 
% overall oroduct lineaf"!t\1 

"\:i Seiectl'llties· 

Based on a-olefin: 
Paraffin/octane 

Aldehvc~ 

.AL~r.cl 
Inc. :1e::n 

Heav:e-si 

Normaliz.ea :o:al 

0.00. 
I 

i 
1.121 
3.20 
2.32 
3.35 i 
3.911 

36.04 
"llO I 
~.!'.1 r 

I 

13.90 I 
13.90; 
38.821 
49.94 i 

2.781 

52.72 

I 
0.00 I 0.00 
0.00 

0.00 I 0.00 
0.00 

0.CO I 
I 
I 

a.co r 

0.00 I 
0.00 I 
0.00 
0.00 
0.00 i 
0.00 I 

I 
0.00 
0.00 

OJ 
o oo I 

' 

6.031 
I 

o.oo I 
o.oo I 
0.00 ! 

41.251 
I 

1.00 I 

0.00 i 

:Correction factor (multiplied select1vires by fer :etal :i!1QQ%) ! 

3ased on total o,efins 
:;,araffirvoctan9 

Alder.va9 
AL:ocol 
Heavies 

Normaiiz:ea total 
correcuon factor. 

Correctea masses (mass units for moaeiling.11 I 
:am o.03 I 
•id o.•JO I 
3IO 0.00 I 

~eavy. 0.00 ! 
=iefln 52. 72 ' 

1.00 

0.00 
0.55 
0.61 
0.93 
1.70 
9.27 
4.16 

20.47 

3.80 I 
7.961 

29.751 
13.08 
24.63 

37.71 

0.18 
0.46 
0.39 
0.48 
0.17 
5.51 

1.68 

7.19 

0.00 
0.40 
0.50 
0.37 
0.00 
3.58 

o.:ia 
1.27 

o.oo I 

8.17 

~.~~I 
0.001 

41.711 
I 

0.97 I 

0.31 l 
I 

73.541 
73.07 i 
26.44 I 

35.901 
61.041 

i 
6621 

H.22j 
12.381 
63.i8 I 
0.00 ! 

100.00 I 
1.03 ! 

100.00 ! 
1.09' 

8.40 
7.39 
5 38 
0.00 

33.78 

2.08 

0.00 
0.13 
0.38 
0.30 
0.41 
7.50 
2.54 

15.55 

1.221 
3.75 I 

23.05 I 
8.721 

18.08 

26.80 

0.25 
0.43 
0.34 
0.41 
0.14 
4.84 

1.57 

s.41 I 
I 

0.281 
1.27 

1.221 1.29 
0.89 

12.431 

0.58 
4.95 

17.971 

1.961 

8.581 

o.oo I 
1.13 I 
o.ool 

40.24 i 
0.94 i 
0.62 I 

I 
77.971 
81.53 i 
46.20 I 
86.80 i 
60.05 I 

! 

7.981 
14.79 ! 
41.01 I 

36.221 
0.00' 

100.00 I 
1.08 I 

I 
12.51 I 
23. 19 I 
s~ ~~I 

100.00 I 
1.01 ! 

I 
9.08 I 
6.78 ! 

19.021 
·i.oo I 

28.37 i 

3.00 
I 

o.ool 
0.69 
0.47 
0.21 
0.18 
5.15 
2.111 

10.56 i 
I 

1.5s f 
3.661 

15.71 
6.70 

12.67 

19.37 

0.20 
0.28 
0.20 
0.25 
0.00 
3.11 

0.94 

4.04 

OJ 
1.741 1.51 
1.76 
1.18 

17.50 

1.00 
6.52 

25.03 

0.00 
0.75 I 
0.00 I 

I 
42.741 

I 
84.10 r 
85.04 i 
60.65! 

86 581 
59.34 I 

I 

I 
8 53 I 
9 02 i 

55.171 
27 29 I 

o.oo! 

100.00 i 
1.081 

I 
11.731 
12.40 I 
75.871 
0 00 ! 

100.00 I 
l.111 

I 
9451 
4 33 I 

2~.80 i 
C.001 

20.751 

4.051 

' 
0.00 
0.00 
0.20 
0.08 
0.011 
6.171 

~.~~I 
0.36 
1.23 I 

14.31 I 
6.53 i 
9.011 

15.54 

0.18 
0.22 
0.15 
0.17 
0.00 
2.32 

0.72 

3.04 

0.50, 
2.32 
1.88 

2.331 
1.46 

23.331 

1.00 
8.481 

32.81 I 
i 

3.531 

8.89 

0.241 
U6i 
0.24 I 

39.49 i 

! 
1.14 I 

81.331 
85.75 I 
67.871 

86.42 
60.15 I 

8.4711 
S.40 

68.21 i 
16.50 i 
0.42 ! 

1 
100.001 

1.00 I 

i 
10.141 
7.56 I 

61 091 
o.51 I 

100.00 i 
1 00 i 

i 
9 691 
3.31 i 

35.i6 I 
0 26 I 

16.94 l 

5.12 
: 

0.00 I 
0.00 
0.22 

0.06, a.cs 
4.92 
0.92 
5.34 I 
0331 
1.25 

1~~~ I 
6.25 

11.50 

0.14 
0.16 
0.00 
0.00 
0.00 
1.75 

0.30 

2.05 
I 
I 

0 621 
2.60 
2.08 
2.8s I 
1.661 

26.69 

0.741 
9.80 I 

37.231 

3.981 

I 
9.03 I 

I 

0.29 i 
0.82 I 
0.291 

39.90! 

I 
0.91 I 

' i 
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76.00 i 
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61 . .30 ! 

I 
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1.02 i 
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100.00 I 
~ C2 ~ 
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0.32 
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I 
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0.04 
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0.39 
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4.431 

8531 

OJ 
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1.441 
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I 
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i 
I 

0 58 i 
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1.89j 

~;;I 
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10.241 
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4.18 i 
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i 
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87 89 I 
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i 
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9 68 i 
3.32. 
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1.71 
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: 
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0.00 
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0.221 
3.49 I 
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I 
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I 
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o.aa: 

100.CO l 
1.00 I 

10.36 
1.45 

•8.08 
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0.00 
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0.00 
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3.64 
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3.31 
1.33 
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44.27 I 
I 
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I 
I 

9.49 I 
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j 
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35.98 I 
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i 
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49.50 ! 
0.49' 
a.sa 1 
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APPENDIX 3 

Example of SLO C11•12 Broad Fraction Hydroformylation 

Spreadsheet results of GC data workup: SLO C11• 12 fraction feed; Co!EP 
catalyst; Run 53: Breakdown of components by structural class. 

11..1~{ncutS) 

MH-S'lt ot component 

Cll Oleiins: 

I 

iC12 Ole!IM: 

I 

I 
I 

I 
~Alde•ya .. : 
!trom: 

i 

IC, VJcoholo: 

1
from: 

! 

C13 Ak:ohofs: 
from: 

Paraffin: 

~avies: 

:From Co(a.c:etate} 
-T-ot?.l lieavy oxygena.tM: 
'huvre-s fromote 

-(~ 
-(6j 
...i.M(Sj 
..-.i(4~ 
-/3 
..-;2j 

1--.111 
lt-(2-5~ 
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.~ .. _J 
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a..olefln1n 
a-olefin 1Z~ 
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~!:~ 

; 

' torat C12 ue:~Misi 
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1-Cl.etin•4~ 

a-o<&fii 13'.4 
1-~M12~ 

1 ~dOd!:i:ene i 11 

~! 

total C~ 3 ait:cnOISI 

C1 :2 Pf'OCIUCUI 
C13 l)f'O<JUC:Uf 

dilution facton 
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3.01 
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I 
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i 
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' 
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2.70 
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13.17 
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uo 
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•.53 
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7.46 
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:mmm 
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0.19 
0.22 
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5.S7. 
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U1 
.'\98 
0.45 

1.041 0.13 
Q.68 
3.47 
7.S71 
5.SSI 

3.59 
9.ee 

10.05 

19.92 

30.09 

2.31 
3.41 

! 
3.401 

] ] 
0.321 0.55 I 
0.001 0.00, 
0.101 0.27 
0.19 0.351 
0.531 2.0•·1 
0.37J U6 

usl usl 

I 
g:gl 
0.001 
0.151 
0.151 
0.121 
0.97j 
1.24i 

I 
I 

2.87l 

2.01 

3.001 
I 

I 
1.S1 I 
2.44 
0.931 

I 
43.S1 I 

I 

I 
gg:1 
0.98! 

OJ 
0.401 
0.00 
0.33 
0,46 
a.so 
3.•3 
2.84 

' ; 
2.121 

J.08 
I 

i 
uel 
2.01 ! 
o.sai 

41.001 

I 
0.021 
o.a3I 
0.961 

...... 
0.01 I 
0.27 
0.12 
0.14 
0.00 
0.27 
1.35 
1.47 
3.99 

0.112 
2.30 
5.34 

7.IM 

0.17 
0.92 
0.53 
0.651 
0.05 
0.52, 

3001 5.50 
4.24 

2.84 
8.251 
1.2•1 

I 
23.131 

2.18 
3.34 

l.09J 
S.11 

0.3t 
0.$4 
0.001 
a.441 
0.52 
3.97! 

1.011 
7.09 

I 
! 

0.13! 
O.S1 I 

0.321 
0.48 
0.7l, 

mi 
12.971 

I 
1.461 
1.951 
0.491 

41.03 

0.021 
0.03 
0.941 

!hr 

0.01 
0.24 
0.08 
0.13 
o.ool 
0.221 0.99 
1.20 
2.95 

i 
0.68 
1.88 
3.94 

S.82 

0.1S 
0.74 
0.42 
0.5" 

-0.07 
0.39 
2.21 
5.20 
2.51 

2.17 
6.48 
4.72 

11211 

17.o2 

1.64 
2.73 

2.661 
4.55 

I 
0.331 
0.95J 

0.001 
0.53 
0.62 
5.601 

1.l4 I 
9.271 

i 
0.1•1 
0.541 
0 .... 1 
0.51 ! 
1.011 
1.00I 
e.ee1 
4.611 

I 
I 

1n1i 

1..tsl 
2.63 
1.191 

41.12 

0.02 
0.04 
0.931 

1 nr3o 

0.09 
0.15 
0.06 
0.11 
0.00 
0.19 

0551 1.05 
1.91 

O.S9 

LIM' 
2.46 

4.11 

0.18 
0.60 
0.39 
0.32 
0.01 
0.21! 
1.19i 
4.701 
1.461 

1.761 
5.71 i 
2.llS 

I 
12.461 

I 
I 

u1j 
1.92 

2.11 I 
3.751 

I 
D.431 
0.7t I 
oooi 
o.681 
0.121 
7.Stl 
uol 

12.osi 

I 
! 

1431 
1.aoi 
G.<71 

40.64 

I 
0.031 
0.051 
0.921 

,,.. !2hf45min 

0.02 
0.18 
0.05 
0.08 
0.00 
0.14 
0.29 
0.84 
t.23 
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1.29 
1.S2j 

2.s1 I 
I 

0.12! 

0471 0.29 
0.21 
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0.20 

0.841 3.SS 
1.S3 
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2.17 1 
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5.41 ! 
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9.221 
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0.741 
1.03! 
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1.851 
2.841 
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I 

0.471 
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o.sel 
0.731 
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1.721 

13.95j 

I 
I 
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1.371 
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13.991 
5.B4i 

I 
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2.031 
0.511 
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a.OSI 
Q.921 
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0.00 
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0.08 
0.00 
0.10 
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0.32 
o.nl 
0.91 
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1.B8i 

o.oal 
0.34i 
0.23i 
O.t1 I 

-4.041 
0.131 
0.391 
2.061 
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a.as 
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3J 
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I 
I 
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1.01 j 
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2.:141 
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0.61: 
0.711 
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9.371 
1.891 

14.91 l 
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I.OSI 
0.391 
1.141 
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1.591 

14.661 
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1.591 
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0.SSI 
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0.85· 
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0.901 
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0.001 
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0.371 
0.2S 
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0.44 

1.08 

0.11 I 
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0.131 
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Appendix 3 

Key to GC-MS main peak identifications (numbered peaks): 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 

41 
42-43 
44-45 
46 
47-48 
49 
50-56 
57 
58-60 
61 
62-66 
67 

Paraffin 
Aromatic 
Oxygenate + cyclic olefin/diene 
Aromatic 
Oxygenate + aromatic 
Aromatic + paraffin 
Paraffin 
Paraffin 
Aromatics + Oxygenates 
Aromatic 
Cyclic paraffin + cyclic olefin/diene 
Aromatics + cyclic olefin /diene 
n-Paraffin 
Aromatic 
Aromatic 
Cyclic olefin /diene 
Aromatics (various) + oxygenate 
Oxygenate + aromatic 
Aromatic + cyclic olefin 
Oxygenate + aromatic 
Aromatic 
Oxygenate 
Paraffin + aromatic 
Paraffin 
Paraffin + diene 
Paraffin + oxygenate + aromatic 
Aromatics 
Aromatic +aromatic oxygenate 
Oxygenate 
Cyclic paraffin 
n-Paraffin 
Aromatics 
Cyclic olefin/paraffin + aromatic 
Aromatic + paraffin 
Aromatics 

Oxygenate 

1-Undecanol 
C12 alcohols (probably di-methyl branched) 
C12 alcohols (mono-methyl branched) 
2-Methyl undecanol 
C12 alcohols( mono-methyl branched) 
1-Dodecanol 
C13 alcohols (mono and di-methyl branched) 
2-Methyl dodecanol 
C13 alcohols (mono -methyl branched) 
1-Tridecanol 
C14 branched alcohols + esters 
Tridecyl acetate 

321 



322 Appendix 3 

Spreadsheet results of GC data workup: SLO C11•12 fraction feed; Co!EP 
catalyst; Run 53: Various results including conversions; linearities and 
selectivities 

i 1uS(hours) I 
0 "" 

I 15mm JU min 45mm 1111 l 11130 "" 2ht45rrun .... .,.. Shr hr ; 
+Hn•~ ! I ! I 

98.211 

I 
14\decene eon.J 

I 
97831 59.09 113.05 83.87 88.04 93.27 95.43 95.39 97.541 97.61 

--~ 
22.18 39.57 54.33 64.22 72.93 BO.SO 88.27 :!~I 91.89 93.14 96-79 

overall undecene i:on. 19-47 36.57 5Ui9 62-78 73.40 81-63 88.95 92.98 94.10 97-091 
I l ' t..mdecene prod. linea 

86251 
88.23 S!Ul5 88.29 84.57 86.10 84.93 84911 95.12 84.97 95.55 

~C12oxopr4dl.letlinea' · 49.43 4ll.!l4 52.30 53.28 53.95 55.51 52.86 54.701 55.42 54.24 54.37 

·-·~ 
64.63 72.38 75.74 81.93 90.18 94.66 96.72 99.611 99.19 il!l.85 100.41 

a-.dodecene eon, 21.osl 33.75 48.31 59.38 67.21 74.93 95.54 95.711 87.95 90.83 96.70 
ovtnll dodecene con. 21.35 33.76 47.75 61.77 71.16 n.es 87.63 !18.99 88.93 92.33 97.1ej 

I 
1-.dodecene oxo prod, linea 83.44 85.91 86.06 85.49 85.68 85.25 84.48 83.861 83.77 83.71 63.251 

overall C13 axo produd' fine 28.16 36.12 43.14 44.12 45.84 48.ae 45.12 39.88! 43.47 42.50 39.241 

awrage co~rsi~r 20.70 34.74 49.12 52.12 71.94 79.06 88.09 as.eel 90.99 92.95 ~~·;~i , ... , ... "" ., " , ... ,. 7' ., .. ""'' ., °' •HO 

!~ 
i I I 

Baud on overaR C11 olefin: ' 
1.581 P:araffin/undecaru 0.001 2.52 2.761 2.87 2.43 3.03 2.76 1.89 1.531 2.69 2.35 

Aldonyde 0.001 56.72 42.20 31.06 21.87 13.35 6.71 6.14 3.53i 2.59 

2.471 
1.67 

AICOho O.OO! 38.44 53.62 65.23 73.50 83.01 89.73 89.68 93.92j 94.17 94.78 95.93 

I Hea\lfei 0.001 .t.32 1.42 0.85 2.20 0.61 

0.SO! 
2.29 1.121 0.55 0.•2 0.81 

I ' 
tot.I oool 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.ooi 100.00 100.001 100.00 

eort"fftion factoi 1.00! 0.60 0.85 0.91 0.94 0.94 0.97 0.98 1.0ll 0.96 0.96 1.00 
! I I !Based on O¥eral) C12 olefin: 

o.ooi 
I 

I 
Pan:ffinldodeca.w 0.30 t.28 2.03 1.58 

2041 
1.98 1.43 0.88i 2.09 1.68 0.981 

i>Jdehyd• o.ool 56.62 38.49 27.59 20.01 14.43 9.80 7.59 1.691 1.05 1.00 
0001 Alcoho 0.001 35.99 57.35 69.27 75.66 92.79 87.26 89.19 96.181 96.18 96.78 98.06 

Ho•""" o.ool 6.10 1.89 1.12 2.75 0.76 0.96 2.79 1.25! 0.89 0.53 0.96 
! I 

100.ooi I lot• o.ool 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100,00! 100.001 100.00 
correctio11 fad:o 1.001 1.01 0.95 0.90 0.94 0.93 0.91 0.98 0.95l 0.98 0.97 0.951 

; 

I I I 

I I l I i Summary of raaetor contents (mass %) I I I 

I ' I I 
C11 ole!ln< 

10.441 ml o ..... I ' lin••r (alpha and .. , 8.93 7.01 3.94 2.46 1.52 
091 l 0.441 0.36 0.21 I 

bran<:he 6.29j 4.34 3.16 2.30j 1.88 1.64 1.29 0.77 0.45l 0.831 0.53 0.231 
I ' 

0241 
C12 olefins I 

2.asl llneor (alpha and mtern•I~ 15.411 11.99 10.05 7.24 4.72 2.17 1.04 o.osi o.691 0.53 

' branched 15.971 12.14 9.88 9.25 6.48 5.71 4.23 2.49 0.801 2.181 1,65 o.551 

linear (alp/la and lntemJ 

! I C12 aldehydes i 
0.001 1.86 2.31 2.18 1.64 1.11 0.74 0.54 ~:~;1 0.131 0.15 0.051 

brancheq 0.731 1.43 1.71 1.72[ 1.58 1.29 0.59 0.74 0.54 0.48 0.42 

I j I I 
l ' C 13 aldel!ydes ! l 

linear (alpha and int~ o.ooi 
2.701 

3.40 3.09 2.66 2.11 1.85 t.74 OJJO! o.ool 0001 o.ool 
branc 0.001 1.65 2.16 2.02 1.99 1.65 o.ae 0.60 0.57: 0.331 0.32 o.ool 

! I ' I I C12 aleohok 
0.40! 1.761 

I 

"""''"··1 -o,12l 

3571 
5.22 7.43 9.59 

9031 
9.74: 10.291 10.241 10.20! 

brancned (from linear 0.121 tl.23! 0.32 0.40 0.38 0.38 0.34 0.34 0.29'. 0.311 0.31 0.281 
branetted {t'om bt'Jnched 0.001 1.121 2.371 3.12 3.67 4.25 5.03 S.54 5.84• 8.10 6.471 6.501 

linear setectiYity from ilnear olefin ERR I 53.191 94.73! 89.94 93.25 95.17 98.24 96.39 97.11: 97.061 97.091 97.341 
I I 

15J 

I 
; ' I l 

.C13 •le°""ls I rni ' 
Unear (alpha and intemali o.ool 04ol 5.78 8.261 11.16 13.57 14.291 15.35 15.48 15.•81 

branched (from linear 0.00! 0.571 0.71 ! 0.66 0.60 0.48 0.41 I 0.37 o.~5'. 0.33i 0.32 0.36f 
branched (frnm branched 0.00; 1.901 4.731 6.53 8.51' 10.12 11.56 12.791 17.35. 1469! 15.32 17.751 

linear selectMty from linear o!etio~ ERR: 41.48 79.44: 89.73 93.23i 95.85 97.09 97.48 I 97.581 97_93· 97.98 97.71 ! 

Pro Cl ••nlY om 
3431 9.531 10.ool 10.081 1inear ole reacted per 100 mass units fe 

1511 
5.10 5.SOj 7981 9.921 1000· 10.231 

'brarn;hed ole reacted per 100 mass units fed 1.95 3.131 3.99 

•411 
4.64 4.99 5.51 I 5.83. 5.66 I 5.75 6.061 

Expected linHrity ftOm oleiin composition I 28.59 44.lll 50.46 55.54 60.16, 81.711 5~~~1 61.34 51981 51.821 61.13! 

br3::= ::~: ~~ ~: :::: ~:: ~=~ 0.•01 1.75 3.57 5.22 7.431 8.59 9.74' 10,291 10.24 10.20! 
1.35 2.59 3.52 4.05 4.621 5.38! 5.881 6.t31 5.41 ! 5.78 I 5.781 

Measured prod linearity 22.aol 3960 50.39 55.29, 61.641 81.55' 60.591 6138 5uoj 50.!71 60.091 

' i ; 
I 

12.761 

I 

14.721 
I 

Product linearity ffom C12 
5.36! ... I 

! 
1inear oie reacted per 100 man units fe 3.42 

6171 13231 14.351 15.35: 14.98! 15.15: 
'branched me reacted per 100 mass units fe1 3.83 e 101 7.72 9.49 10.261 11.74 13.48 15.17' 13.801 14.321 15.421 

Expected linearity l'n::im olefin composition 29.81 39.651 46.23 49.38 52.751 51.00 49.72! 48.85, 50.11 ! 49.47 49.27' 
#near prod. pre 100 mass tJnil:s fe OAO 2.121 5.78 8.26 11.16 13.57 14.29 15.35. 15.521 15,481 15.491 

branched croct pre 100 mass unil:s fe 2.47 5.43 .!~I 9.11 10.60j 11.97 ! 13.16 17.72' 15.02 15.63 18.12i 
Menured rod linea 14.00 33,39 ~ 47.561 49.741 46.061 

I j I 
5001 

' i 
Mus uoits for modelling 

o.5oi 
I 

1001 o.ooi ' C11 0251 0.751 1,00! 1.50 2.00 2.75 4.oo; 6.00! 
pa 1.95 I 2.12 2.21 I 2.29 2.29[ 2.41 2.41 2.30 2.2s. 2.45 2.401 2.271 .,.. 0.001 2.76! :t62i 3.531 2.92" 2.08 1.13 1.11 0.661 

0501 
0.•91 0.32! 

·j 0.001 1.i9l 4.641 7.50 9.93 13.06 15.25 16.37 17.50' 18.44 18.82 18.061 
0.591 1~:~1 0.751 0.721 0.98 0.72 0.77 1.14 0.67 0,73 0.701 0.801 

al 16.731 10.61 8.081 5.23 4.45 3.07 1.85 0.99' 1.17 0.99 0.49i 

I ' 
C12 0.001 o.is

1 

D.501 
o.75 1.00 1.50 2.00 2.75 4.00 \1.001 e.ool 7.ooi 

pa vo I 3.07 3.21 3.391 3.38 3.55 3.59 3.47 3.34 3.671 3.551 3.371 .,.. o.ooi 4.45 5.80 S.411 4.87 4.07 3.10 2.57 0.64 0.36 0.35 000 

•'9 0.001 2.93 8.51J 13.73 18.60 23.58 27.90 30.14 36.57 
33.721 

34.42 37.331 
h•• uoj 1.63 !A.1 1.3Sf 1.84 1.35 1.45 2.14, 1.63 1.38 1.32 1.51 

ol 31.38! 24.68 20.78 16.401 12.00 9.05 7.00 3.861 0.94 3.16 2.41 0.8!1 
I I I 

24 hr 

100.00 
100.00 
100.00 

85.lO 
54.51 

100.00 
100.00 
100.00 

83.25 
38.52 

100.00 
44.09 

1.40 
0.71 

97.13 
0.75 

100.ool 

0.991 

1.oa1 
0.00 

98.41 
0.50 

100.00 
0.94 

I 
I 
I 

~.00, 
0.00 

oool 
o.ooj 

0.13' 

0.151 

1.901 
0.00 

I 
10.621 
0.27 

97.51 6921 

1s.e0j 
0.29 

18.781 
98.221 

I 
10.44l 
5 291 

80.85! 
10.621 
7.19i 

59.51 I 

15.41 i 
15.97 ! 
47.981 
t5.e8i 
19.07i 
45.441 

' 
24.001 

2.25 
0.141 

1995. 
0.71 

-0.00 

24.00 
342 
2.13 

39.151 
1.33 
0.00 
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Comparison of Results: "Internal standard" Versus Calculated "Dilution 
Factor" Methods 

Calculated results for the same set of reactor contents. Run 36. 
Using Dilution Factor 

ResulO. 0.00 1.00 2.00 3.00 4.00 5.00 6.15 7.00 8.00 

Based on a--0lefin: 
% 1.(tecene conversion 93.58 97.34 98.81 98.89 98.78 99.09 99.03 99.45 

% alpha decene conversion 93.98 97.50 98.70 98.95 98.86 99.14 99.09 99.48 
% total decene conv. 30.31 43.28 54.45 64.13 69.21 77.09 80.70 83.79 

% 1-decene product linearity 95.31 92.75 91.86 90.61 91.23 90.88 90.32 90.50 
% overall product linearity 89.43 67.63 86.73 66.23 86.32 88.14 64.54 83.17 

Based on a~lefin converted: 
% decene selectivity 3.00 6.26 6.01 8.66 9.54 10.04 9.93 11.55 

% aldehyde selectivity 13.75 9.69 8.30 4.37 3.33 2.25 3.06 2.77 
% alcohol selectivity 15.33 29.22 42.62 50.75 56.56 63.62 67.87 69.69 

% internal olefin selectivity 68.40 54.56 42.90 35.93 30.37 22.38 16.42 14.87 
% heavy oxygenate selectivity -0.49 0.28 -0.03 0.07 0.19 1.71 0.72 0.92 

Normalized Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
Correction factor 1.02 0.99 0.97 1.04 1.04 1.04 1.04 0.99 

Based on TOTAL olefin converted: 
% decane selectNiity 9.52 15.45 15.30 13.64 13.61 13.14 12.43 13.96 

% aldehyde selecOvity 41.45 21.64 11.66 6.43 4.55 2.75 3.59 3.29 
% alcohol selectivity 46.23 85.64 79.37 74.62 77.23 77.88 79.11 I 82.89 

% heavy oxygenate selectivity o.oo I 1.61 0.76 0.60 0.90 2.66 1.40 I 1.62 

Normalized Total 97.21 104.74 107.11 95.49 96.30 I 96.44 97.131 101.75 
Correction factor 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

Dilution factor 1.00 0.95 0.93 0.91 0.90 0.69 0.66 0.67 0.67 

-ln(1-C) 0.00 0.36 0.57 0.79 1.03 1.16 1.47 1.64 1.62 
a-ole: -ln(1-C) 0.00 2.61 3.69 4.34 4.56 4.47 4.76 4.70 5.26 

Time (hours) 0.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

Mass% 
alpha-olefin 72.67 4.40 1.77 0.91 0.72 0.76 0.56 0.61 0.35 

internal olefins 0.66 44.25 36.62 29.43 23.04 19.43 14.23 11.79 9.97 
total olefin 73.52 48.65 38.59 30.34 23.77 20.21 14.81 12.40 10.32 

decane 0.72 2.62 4.89 6.11 6.27 6.85 6.64 6.76 8.03 
aldehyde• 0.00 10.65 7.61 5.14 3.32 2.51 1.66 2.26 2.13 
alcohols 0.00 12.01 23.82 35.36 36.95 43.12 47.66 50.79 54.29 
heavies 0.43 0.00 0.63 0.36 0.45 0.54 1.76 0.961 1.151 other 25.32 26.06 24.25 22.68 27.24 26.97 27.25 26.82 ! 24.09 

Using Internal Standard 

Results I 0.00 1.00 2.00 3.00 4.00 5.00 6.15 7.00' 8.00 I 
I 

99.991 

Based on a-olefin: 
% 1-decene converston 99.87 99.95 99.97 99.96 99.97 99.96 99.96 

% alpha decene conversion 93.96 97.62 96.76 96.94 96.85 99.15 99.10 99.49 i 
% total decene conv. 30.69 46.27 56.76 63.93 89.21 77.47 61.11 84.24 i 

I 
% 1-decene product linearity 

I 
95.31 92.75 91.86 90.61 I 91.23 90.88 90.32 90.so I 

i % overall product linearity 89.43 87.83 86.73 86.23 66.32 86.14 64.54' 83.17 j 
Based on a-olefin converted: 

% decane selectivity 2.99 6.23 7.97 6.66 9.54 10.03 9.91 11.53 
% aldehyde selectivity 13.75 9.70 6.31 4.37 3.33 2.25 3.06 2.78 
% alcohol selectivity 15.34 29.26 42.67 50.74 56.57 63.65 67.91 69.94 

% internal olefin selectivity 66.40 54.58 42.91 35.93 30.37 22.37 16.41 14.85 
% heavy oxygenate selectivity -0.49 0.24 -0.05 0.07 0.19 1.70 0.71 0.91 

Normalized Total 100.00 100.01 100.00 100.01 100.00 100.00 100.00 100.00 
Correctton factor 1.02 1.05 1.02 1.03 1.04 1.06 1.06 1.02 

Based on TOTAL olefin converted: 
% decane selectivity 9.33 13.57 13.65 13.76 13.61 12.64 12.06 13.46 

% atdehyde selectivity 42.67 21.14 10.96 B.77 4.76 2.681 3.73 3.24 
% atcohol selectivity 47.60 63.73 74.49 78.82 60.69 81.49 82.75 81.59 

% heavy oxygenate selectivity 0.00 1.56 0.71 0.64 0.94 2.791 1.45 1.60 

Normalized Total 100.00 100.00 100.00 100.00 100.00 100.00 I 100.00 100.00 
Correction factor 1.05 1.09 1.03 1.04 1.04 1.07 1.07 1.02 

-ln(1-C) 

I 
0.00 0.37 0.62 0.64 1.02 1.18 1.49 1.67 1.65 

a-ole: -ln(1·C) 0.00 2.61 3.74 4.39 4.55 4.47 4.77, 4.71 5.26 

TIME(HRS) 0.00 2.00 2.00 3.00 4.00 5.00 6.151 7.00 6.00 

Mass% 
alpha-olefin 72.67 4.40 1.77 0.91 0.72 0.76 0.58 0.61 0.35 

internal olefins 0.66 44.25 36.62 29.43 23.04 19.43 14.23 11.79 9.97 
total olefin 73.52 46.65 36.59 30.34 23.77 20.21 14.81 12.40 10.32 

decane 0.72 2.62 4.89 6.11 6.27 6.65 6.64 6.76 6.03 
aldehydes 0.00 10.65 7.61 5.14 3.32 2.51 1.96 2.26 2.13 
alcohols 0.00 12.01 23.62 35.36 38.95 43.12 47.68 50.79 54.29 
heavies 0.43 0.00 0.63 0.36 0.45 0.54 1.76 0.96 1. t5 

other 25.32 26.06 24.25 22.68 27.24 26.97 27.25 26.82 24.09 
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Mass Balance Example 

Hydroformylation of a St.:O C10 narrow fraction in n-octane solvent (Run 16 
described in Chapter 3). Rh TPP catalyzed reaction "1 litre" autoclave reactor. 

Physical Constants 

Species Density (g/ml) Molecular Weight 

1-Decene 0.74 140.27 

n-Decane 0.73 142.28 

C,, aldehyde 0.825 170.3 

C,1 alcohol 0.83 172.31 

The reactor liquids were weighed before being analyzed by gas chromatography. 

Reactant mixture (including catalyst precursors) 

Mass of reactant mixture = 157.66 g. 
Mass % of decene (olefins) in reactant mixture= 41.93 
Mass% of decane (paraffins) in reactant mixture= 1.92 

= Moles (olefin) in reactant mixture : 

- 41.93 x 157.66 - 0.47 
100 140.27 

= Moles (paraffin) in reactant mixture : 

- 1.92 x 157.66 - 0.02 
100 142.28 

Products mixture (including catalyst) 

Mass of product mixture= 162.35 g. 
Mass % of decene (olefins) in product mixture= 1.88 
Mass % of decane (paraffins) in product mixture= 8.66 
Mass% of C11 aldehydes in product mixture = 35.47 
Mass% of C11 alcohols in product mixture= 1.60 

=Moles (olefin} in product mixture : 

• 1.88 x 162.35 - 0.02 
100 140.27 
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Similarly: 
Moles (paraffin) in product mixture = 0.10 
Moles (aldehyde) in product mixture= 0.34 
Moles (alcohol) in product mixture= 0.02 

Molar Balance 

325 

For every mole of olefin reacted, 1 mole of paraffin, aldehyde or alcohol is formed. From 
the moles calculated previously: 

Moles of olefin reacted= 0.47 - 0.02 = 0.45 
Moles of product formed= 0.34+ 0.02 + (0.10 - 0.02) = 0.44 

Gas Uptake I Balance 

Aldehyde formation: 
H2 + CO + R-CH=CH2 --+ R-CH2-CH2-CHO 
2 moles of gas consumed for every mole of product formed. 
= 0.34 x 2 = 0.68 moles of gas used. 

Alcohol formation: 
2H2 + CO + R-CH=CH2 --+ R-CH2-CH2-CH2 -OH 
3 moles of gas consumed for every mole of product formed. 
= 0.02 x 3 = 0.06 moles of gas used. 

Hydrogenation: 
H2 + R-CH=CH2 --+ R-CH2-CH3 
1 mole of gas consumed for every mole of product formed. 
= 1 x ( 0.10 - 0.02) = 0.08 moles of gas used 

Total moles of gas used: = 0.82 

Assuming ideal gas behaviour: PV = nRT and .6.P = LlnRT/V 
Gas volume in the reactor = ±1300ml - 200ml = 1100 ml 
Lln = 0.82; R constant= 8.314 

Temperature= (90 + 273.16 K) = 363 K 

= Ll p • 0,82x8.314x363.16 • 22.51 x10sPa • ±22.51 bars(g) 
11oox1 o-& 

This corresponds closely with the measured pressure drop of 22.6 bar (g) . 
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APPENDIX 6 

GC Analysis Check 

GC result of a make-up mixture of pure oxo alcohols derived from SLO and C11_ 

12 SLO: Goes to proving reliability of GC analyses. 

A sample for GC analysis was made up as follows: 

10 ml of C11 _12 SLO. Measured weight= 7.95 grams. 
10 ml of C12_13 purified alcohols. Measured weight = 8.20 grams. 

ie actual mass percent: C11 •12 SLO = 49.23%; C12•13 alcohols = 50. 77%. 

The sample was injected onto a GC for analysis as described in Section 2.3.1. 

Using GC peak response factors of 1 and 0.845 respectively for the SLO and 
alcohol portions of the chromatogram, the following results were obtained. 

Mass % in sample Difference 

SLO: 
Measured ( GC) 49.35 
Actual (weight) 49.23 

0.12 

Alcohols: 
Measured (GC) 50.55 
Actual (weight) 50.77 -0.12 

Overall error % 0.24 
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APPENDIX 7 

Using Alcohol Linearity to Check Olefin Analyses 

Derivation of Equation (5.1) in Section 5.4.4.3. 

The expected alcohol linearity Of the products is calculated from the n/i ratio (or 
linear a-olefin product linearity which is measured, and the amount of linear and 
branched olefins that have reacted. 

It is assumed that linear products can only be obtained from linear olefins 
(internal and a-olefins). Branched products can be obtained from linear and 
branched olefins. The branching probability of products obtained from linear 
olefins is assumed to be 100% minus the linear a-olefin product % linearity. 
The probability of branched products from branched olefins is a~sumed to be 
100%. 

Therefore at time = t: 

(mass% linearalcohol~ x 100% A 
(Expected alcohol linearity) = x --

t (mass% 2-Methyl alcoholk • (mass% linear alcohol)t A • B 

Where: 
A= (mass% of linear olefin)w- (mass% of linear olefin)t 
B =(mass% of branched olefin)w- (mass% of branched olefin)t 

(t0 denotes time zero). 

Substituting for A and B, and simplification gives equation (5.1) 

(mass% linearalcohol)t x 100% 

(mass% 2-Methyl alcohol)1 • (mass% linear alcohol)1 (Expected alcohol linearity~ • (5 1 ) 
1 

• (mass% branched olefin)to - (mass% branchedolefinlt · 

(mass% linear olefin)to - (mass% linear olefin)t 
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Modelling results: Runs Undertaken in Chapter 4: TOP ligand. 

Meas. Modelled values 

- /L ~I,' 

29a 0.3 0.29 

. 29b 0.26 0.26 

29c 0.29 0.29 

29d 0.3 0.29 

30 0.44 0.46 

31 0.51 0.53 

32 0.37 0.43 

33 0.23 0.25 

34 0.38 0.36 

35 0.35 0.42 

36 0.24 0.26 

37 0.28 0.32 

38 0.29 0.33 

39 0.42 0.5 

40:C8 0.54 0.46 
40:C9 0.49 0.42 

41:C8 0.62 0.61 
41:C9 0.55 0.63 

42 0.36 0.41 

43 0.49 0.58 

Where k. = k' j[Co] 
[Co] = g/1 OOml 

k, 

0.03 

0.03 

0.04 

0.03 

0.05 

0.07 

0.09 

0.03 

0.05 

0.05 

0.04 

0.03 

0.04 

0.06 

0.07 
0.08 

0.06 
0.04 

0.07 

0.05 

k, k, k. 

0.26 1.43 0.01 

0.23 1.78 0.01 

0.26 1.62 0.01 

0.26 1.46 0.01 

0.41 2.2 0.04 

0.46 1.72 0.08 

0.34 2.29 0.21 

0.22 1.27 0.03 

0.31 1.71 0.14 

0.37 2.97 0.24 

0.23 1.7 0.03 

0.29 1.46 0.08 

0.28 2.83 0.08 

0.44 2.99 0.5 

0.40 1.74 0.04 
0.34 2.94 0.22 

0.55 3.51 0.08 
0.59 6.71 0.22 

0.34 3.03 0.28 

0.53 1.35 0.1 

Meas. Modelled values (corrected for catalvst cone.) 

K IK +K ,} K, K. K, K, 

1.33 1.31 0.15 1.16 6.45 0.05 

1.15 1.18 0.15 1.03 8 0.06 

1.29 1.32 0.16 1.16 7.29 0.04 

1.33 1.32 0.15 1.17 6.55 0.05 

1.42 1.49 0.17 1.32 7.12 0.13 

1.98 2.03 0.26 1.77 5.87 0.56 

1.14 1.32 0.27 1.04 7.05 0.65 

0.90 1.01 0.13 0.88 5.11 0.11 

1.22 1.16 0.17 0.99 5.53 0.46 

1.42 1.68 0.21 1.47 11.94 0.97 

0.98 1.06 0.15 0.91 6.85 0.13 

1.11 1.28 0.11 1.17 5.87 0.32 

1.13 1.27 0.17 1.09 10.92 0.32 

1.45 1.71 0.22 1.5 6.64 0.32 

2.38 2.06 0.29 1.77 7.72 0.16 
2.16 1.86 0.35 1.51 13.05 0.99 

2.52 2.47 0.26 2.21 14.25 0.32 
·2.23 2.55 0.15 2.41 27.2 0.89 

1.17 1.33 0.2 1.1 9.33 0.87 

2.04 2.4 0.21 2.18 5.61 0.4 
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Modelling results: Runs Undertaken in Chapter 5: EP ligand. 

Run k (hr1i (k,+k,) k, k, k, k. k' (/(,+/(,) k', k', K, K, 

I i I I I 

44 0.98 1.02 0.02 1 3.16 0.14 3.79 3.93 I 0.09 3.84 12.21 I 0.52 I i 
I I I 

45 0.88 0.86 0.05 0.82 3.41 0.12 3.53 3.48 0.19 3.28 I 13.71 ! 0.47 
I I i 0.16 46a 0.81 0.77 0.05 0.73 2.31 0.03 3.93 3.72 0.22 3.5 11.16 

I 

46b - - . - 0.77 0.05 
I - - - - 11.14 ! 0.72 

47a 1.61 1.51 0.1 1.39 2.74 0.02 7.74 7.27 0.46 6.66 13.18 0.11 

47b 1.45 1.23 0.08 1.12 2.6 0.03 6.96 5.93 0.4 5.37 I 12.47 0.13 

49a 1.64 0.73 0.02 0.72 0.73 0.02 15.8 7.04 0.18 6.86 7.06 0.16 

49b 1.59 0.73 O.Q1 0.72 1 O.Q1 15.3 7.03 0.09 6.94 9.61 0.13 
I 

49c 0.82 I 0.74 0.05 0.69 1.79 0.01 7.89 7.1 0.48 6.63 17.22 0.09 

I 
50a:C,. I 0.43 0.46 O.D3 0.43 1.82 0.07 3.22 3.50 0.22 3.28 13.75 0.51 

c,. 0.35 0.44 O.Q1 0.43 1.66 0.05 2.63 3.34 0.09 3.26 12.53 0.37 

I I 
18.00 50b:C11 I o.56 0.73 0.02 I o.71 1.35 0.02 3.34 4.34 0.11 4.23 0.10 

c,. I 0.48 0.59 0.02 0.57 1.28 0.05 2.83 3.50 ! 0.14 3.36 i 7.60 0.29 

I i I 

i 
I 4.30 51:C11 1 o.39 0.39 I 0.001 I o.39 I 0.43 0.001 3.87 3.87 O.Q1 3.86 0.01 

c,. 0.29 0.32 I 0.001 I o.31 0.96 0.001 2.87 3.14 O.Q1 3.13 ! 9.61 O.Q1 
I I 128.70 52:C11 1.03 116~ 0.00 
, 1.08 4.55 0.15 6.50 7.33 0.52 6.82 0.94 

c,. 0.55 0.80 0.02 0.78 I 6.45 0.05 3.48 5.02 0.12 4.91 40.69 0.30 
I I 

53:C11 0.85 0.96 0.03 I o.93 3.53 0.10 4.09 4.64 0.16 4.49 I 17.04 0.47 
c,. I 0.78 0.90 0:03 . 0.87 3.54 O.D7 3.76 4.33 0.12 4.21 i 17.05 0.36 

I ! 

I I o.34 
! 

1 
55a:C11 0.36 0.36 0.02 1.25 0.05 2.29 2.27 

l 
0.10 2.17 I 7.97 0.29 

c,. 0.27 0.29 I 0.01 1 0.28 1.17 0.04 1.69 1.81 0.09 1.79 i 7.48 0.26 l 
i 

I 
I I ! 

55b:C,. 0.58 I 0.76 0.00 0.76 I 1.23 0.00 3.70 4.84 0.03 4.81 I 7.81 I 0.02 
c,. 0.46 0.53 0.03 0.50 i 1.47 0.01 2.90 3.35 0.20 3.16 I 9.39 i 0.05 

I 

I 

I 0.01 i ' 
55c:C11 1.15 I 1.11 1.09 2.50. 0.2 7.34 7.07 0.09 6.97 I 15.92 I 0.12 

c,, 0.95 I 0.90 0.87 3.22 O.Q11 6.08 5.74 I 0.18 5.56 I 20.50 I 0.06 
I 

I 0.03 

I I o.o5 I I 
I 

I I 

55d:C11 1.63 I 1.82 1.76 6.77 0.03 10.18 11.58 0.34 11.24 i 43.16 

I 0.17 
c,. 1.27 I 1.18 I 0.02 I 1.16 I 8.70 0.04 7.93 7.52 0.15 7.37 i 55.41 0.23 

I i i I 

I 
I 0.52 55e:C11 1.76 1.55 I 0.11 ! 1.43 7.37 0.08 11.21 9.86 1 0.72 9.14 46.98 

c,. 1.45 ! 1.35 0.09 I 1.26 8.53 0.07 9.24 8.57 0.57 8.00 54.32 0.47 ! I 

I I 
! 

I I o.o5 55f:C,, 0.26 0.25 0.25 I 0.002 0.51 0.003 4.26 4.21 0.04 4.17 8.32 
c,. I 0.18 0.18 0.17 O.Q1 0.52 0.02 2.95 3.02 0.16 2.86 I 8.56 l 0.03 

I 0.25 I 0.26 0.00 0.25 0.52 0.04 3.15 3.30 I 0.06 3.25 
I I 55g:C,, I 6.66 ; 0.57 

C12 ! 0.14 I 0.19 0.00 0.19 0.65 0.02 1.83 2.46 0.03 2.43 I 8.26 ! 0.26 
I 

I I ' 56a I 0.23 ! 0.2 0.01 0.2 1.24 O.D1 1.11 0.99 0.04 0.94 i 5.95 0.04 
i I 

11.37 
I 

I I 56b 0.86 I 0.62 0.02 I o.6 0.02 4.13 2.98 i 0.08 2.9 6.62 0.08 
! 

I I I I 
I 

56c I 1.12 0.82 0.06 0.75 4.11 0.03 5.38 3.93 0.3 3.63 I 19.8 0.15 

56d 1.14 I 1.15 0.05 1.09 2.7 0.02 5.48 5.52 0.26 5.25 I 13.01 0.08 

I I I I 
I 

56e 0.96 0.67 I 0.09 0.58 1.29 0.12 4.61 3.24 0.45 2.8 6.21 ! 0.56 
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Modelling Plots of Key Runs in Chapter 4: TOP ligand. 

Modelled and Experimental Data: C10 : 1-Decene feed; Co/TOP catalyst (with 
KOH); Run 33. 

Mass units 

80 

• 
60 

• 

40 

20 

Experimental data = points 
Model= lines 

2 4 
lime (hours) 

Par. 

0 

Aid . 

• 
Ale. 

• 
HF 

0 

Ole. 

• 

6 8 

Modelled and Experimental Data: 1-Decene feed; Co/TOP catalyst (with KOH); 
Run 36. 

Mass units 

60 

• 
40 

20 

Experimental data = points 
Model= lines 

• 

2 4 
Time (hours) 

6 8 

Par. 

0 

Aid . 

• 
Ale . 

• 
HOF 

0 

Ole . 

• 
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Modelled and Experimental Data: C10 SLO narrow fraction(A); Co/TSP catalyst 
(with KOH); Run 42. 

Mass units 

60 

40 

20 

2 

Experimental data = points 
Model = lines 

4 6 
Time (hours) 

8 

Par. 

• D 

Aid . 

• 
Ale . 

• 
HOF 

0 

Ole . 

• 

10 

Modelled and Experimental Data: C10 SLO narrow fraction(A); Co/TOP catalyst 
(with KOH); Run 32. 

Mass units 

80 ,.----------------------------, ..---~ 

60 

40 

20 

2 

Experimental data = points 
Model= lines 

4 6 
Time (hours) 

• 
Par . 

0 
Aid . 

• 
Ale . 

• 
HOF 

<> 
Ole . 

• 

8 10 
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Modelled and Experimental Data: C10 SLO narrow fraction(A); CoffOP catalyst 
(without KOH); Run 31. 

Mass units 

60 

50 

40 

30 • 

20 

• 
10 

Experimental data = points 
Model= lines 

• 

2 4 6 8 
Time (hours) 

Modelled and Experimental Data: C10 SLO broad fraction (C); CoffOP catalyst 
(without KOH); Run 29a. 

Mass units 

60 

50 

40 

30 

20 

10 

Experimental data= points 
Model::: lines 

2 4 6 
Time (hours) 

Par. 

0 

Aid . 

• 
Ale. 

• 
HOF 

0 

Ole . 

• 

8 
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Modelled and Experimental Data: Ca olefins: Ca. 9 SLO fraction; Co/TOP catalyst 
(with 10% H20) ; Run 41. 

Mass units 

60 

50 

40 

30 

20 

10 

Experimental data= points 
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Modelled and Experimental Data: C9 olefins in Ca_ 9 SLO fraction; Co/TOP 
catalyst (with 10% H20) ;Run 41 
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Modelled and Experimental Data: C8 olefins: C8 _9 SLO fraction; Co/TOP catalyst 
(without H20}; Run 40. 
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APPENDIX 11 

Modelling Plots of Key Runs in Chapter 5 

Modelled and Experimental Data: 1-Decene feed; Co/EP catalyst (with KOH); 
Run 45. 
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Modelled and Experimental Data: 1-Decene feed; Co/EP catalyst (without KOH); 
Run 47a. 
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Modelled and Experimental Data: C10 olefins: C10 SLO broad fraction; Co/EP 
catalyst (with KOH) ; Run 44. 

Mass units 

80 .-------------------------., ...---~ 

Experimental data = points 
MOdel = lines 

4 
Time (hours) 

• • • 

6 8 

Par. 

0 

Aid . 

• 
Ale . 

• 
HOF 

<> 
Ole . 

• 

Modelled and Experimental Data: C11 olefins: C11 _12 SLO broad fraction; Co/EP 
catalyst (with KOH); Run 50b. 
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Modelled and Experimental Data: C12 olefins: C11 _12 SLO broad fraction (A); 
Co/EP catalyst (with KOH) ; Run 50b. 
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Modelled and Experimental Data: C11 olefins: C11 _12 SLO broad fraction (E); 
Co/EP catalyst (without KOH) ; Run 53. 
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Modelled and Experimental Data: C12 olefins: C11 _12 SLO broad fraction (E); 
Co/EP catalyst (without KOH) ; Run 53. 
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Modelled and Experimental Data: "Feed preparation for Run 46b": 1-Decene 
feed; Co/EP catalyst (with KOH) ; Run 46a. 
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Modelled and Experimental Data: Effect of aldehyde addition to Run 46a 
(above) reactor products; Co/EP catalyst (with KOH); Run 46b 
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