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Summary 

 

The scope of this work is to study innovative reaction conditions in micro flow systems, 

through the use of conventional solvents in novel ways to realize supported liquid-phase 

catalysts and through the use of innovative solvents such as supercritical CO2 and ionic 

liquids. Micro flow systems are ideally suited for such innovative reaction conditions, due to 

their high mass- and heat transfer properties and the potential for operating at high 

temperature and pressure. Fluidic structuring can lead to enhanced control over the reaction 

and to overcoming mass- and heat transfer limitations, allowing conventional solvents to be 

used in novel ways. Moreover, supercritical operating conditions are possible due to the 

enhanced control of micro flow systems, permitting safe operation at increased temperature 

and pressure.  

 

The first chapter provides the full scope of Novel Process Windows, which aims to exploit 

the characteristics of continuous micro flow systems to achieve considerable boosts in 

process performance. Discussed is the work that has been done previously, showing different 

routes that can be taken, either through chemical intensification or through process design 

intensification.  

 

The next three chapters are concerned with operating the versatile Mizoroki-Heck reaction 

in continuous micro flow. First, the use of this system for the synthesis of fluorinated 

compounds is shown. An 74% yield of fluorinated product could be obtained at a temperature 

of 130 °C and at a residence time of 20 min. Further study was then aimed at the application 

of a supported liquid phase catalyst (SLPC) coating, to allow the Mizoroki-Heck reaction to 

be applied in continuous micro flow without the need for downstream catalyst recovery. In 

the SLPC coating, the homogeneous palladium catalyst is dissolved in a solvent film, which 

in turn is held within the pores of the coating. The best results were found with ethylene 

glycol as the liquid film, realizing 94% yield at a reaction temperature of 230 °C and a 

residence time of 26 min. Although some initial deactivation was observed, stable activity 
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was observed over 50 h on stream. Also, no leached palladium could be observed in the 

product mixture.  

 

In chapter five, the benefit of operating under supercritical conditions is demonstrated. A 

high pressure experimental setup was designed and constructed to realize the necessary 

operating conditions. In this system, a recently discovered ruthenium catalyzed 

methoxycarbonylation reaction that uses carbon dioxide as a feedstock was investigated 

under supercritical conditions. A 77% yield of the product was successfully obtained at 180 

°C and at 120 bar. More importantly, the reaction rate was more than fivefold higher than the 

results from literature, for which a gas-liquid batch system was used. In addition, the 

application of a supported ionic liquid phase (SILP) catalyst was investigated, although this 

proved unsuccessful due to catalyst leaching. 

 

Finally, the potential of the methoxycarbonylation was investigated via a Life Cycle 

Assessment (LCA) study based on the synthesis of methyl propionate, a precursor to methyl 

methacrylate. This process was simulated for both the novel supercritical 

methoxycarbonylation with carbon dioxide and the industrial state-of-the-art, the Lucite 

Alpha process, which uses a carbon monoxide feedstock. The novel process with supercritical 

carbon dioxide was strongly favored in all eight impact categories that were considered, with 

up to 80% reductions in impact. 



 

 

Chapter 1 

Introduction 

 

This chapter is based on: 

 

S.C. Stouten, T. Noël, Q. Wang, V. Hessel (2013) A view through novel process windows. 

Australian Journal of Chemistry, 66(2), 121-130 

1.1 Micro flow processing 

Chemical industry is constantly driven to improve on existing processes, by eliminating 

waste, reducing operating costs and up-scaling production capacity[1,2]. The aim of such 

process improvement is to gain an advantage over competitors and to keep up with 

regulations that place environmental restrictions on the chemical process. In the recent 

decade, both have seen drastic enforcement, together with a growing number of production 

facilities opening in Asia. Accordingly, this places strong emphasis on process development, 

requiring more drastic improvements than can be achieved through conventional process 

optimization. In contrast, Novel Process Windows aim to boost chemical production through 

unconventional chemistry, utilizing harsh reaction conditions[3–7]. 

 

At the core of this approach is the notion that the intrinsic kinetics behind many chemical 

processes can be very fast, given the right conditions[8–10]. However, such conditions are not 

commonly found in today’s laboratories. In many cases either these conditions themselves 



Use of Supported Liquid-Phase Catalysts and Supercritical CO2 in Continuous Micro Flow 

12 

 

are unattainable for a typical chemical process, or the reaction is slowed down on purpose to 

make it more controllable and safe. Furthermore, process limitations to mass- and heat 

transfer have to be taken into account as well, finally leading to the effective kinetics. 

Conversely, microstructured reactors have vastly improved mass- and heat transfer, allowing 

operation under intrinsic kinetics. Furthermore, the inherent safety and the high degree of 

control provided by microstructured reactors removes the need for any artificial restraint on 

the conditions, thus making intensified intrinsic kinetics obtainable[11–14]. The concept of 

Novel Process Windows aims to exploit these characteristics of micro flow systems to 

chemical processes from scratch, potentially increasing performance step-change wise, i.e. 

several orders of magnitude increase in conversion rates.  

1.2 Novel Process Windows 

 

 

Figure 1.1. Novel Process Windows proposed by Hessel (2009) (by courtesy of Wiley-

VCH)[3] 
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For the concept of Novel Process Windows as proposed by Hessel (2009)[3], six pathways 

were identified: routes using high temperatures, high pressures, and high concentrations (or 

solvent-free), new chemical transformations, explosive conditions and process simplification 

and integration. These six pathways are a combination of routes based on chemical 

intensification and those based on process design intensification, see Figure 1.1, and are 

further divided into specific approaches.  

 

In the following chapters, the six pathways will be exemplarily mirrored by research from 

the ERC Advanced Grant under which frame this research was done, as well as related work 

from the group of Micro Flow Chemistry and Process Technology at the Eindhoven 

University of Technology, and their associates.  

1.2.1 Chemical Intensification 

Four of the six routes to Novel Process Windows are focused on chemical intensification: 

new chemical transformations, routes at elevated temperature, routes at elevated pressure and 

routes at increased concentration. The aim of these routes is to boost reaction chemistry by 

operating at reaction conditions outside the range normally found in industry. New chemical 

transformations, when applied as an alternative to more extensive processing, are at the core 

of process design intensification. 

1.2.1.1 New Chemical Transformations 

In industry, the synthesis routes that pass the process design stage, towards an industrial 

process, do not have to be those that are most ideal from a chemistry perspective. For an 

industrial process, other contributing factors have to be considered as well, most of these 

related to the problems of scaling-up. Safety, above all, must be guaranteed, so any synthesis 

routes involving undesirable risks should be avoided. Mass- and heat transfer are often related 

to safety, but must also be considered by themselves, so that sufficient mixing and heating 

can be ensured. Typically, such problems are encountered as a result of scaling-up, as 

synthesis routes that were developed using small scale lab equipment may not be feasible on 

a much larger scale. Microstructured reactors do not suffer from any scale-up problems, 

relying on numbering-up or smart scale-out towards mini-flow technology instead.[15]. Thus 
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new potential applications are opened up for synthesis routes that have so far been 

disregarded. If this concerns not only substituting one reaction alternative by another, but 

replacing several conventional steps by a single one, then a completely new “direct route” is 

opened. Lowering the number of reaction steps in this manner can have a dramatic impact 

for the setup of the plant (process design intensification)[16–19].   

 

Enzymes are biocatalysts that can operate under mild conditions and that provide 

exceptionally high selectivity, which allows new direct synthesis routes. These properties 

translate into low energy consumption, high quality products and less down-stream 

processing, which explains the considerable interest for their application in industrial 

processing[20,21]. Unfortunately, the long-term operational stability of enzymes is limited and 

their homogeneous nature makes recovery a challenge[22]. Since enzymes are also costly, this 

severely limits their application in industrial processing[19]. To overcome these drawbacks, 

enzymes can be immobilized in microchannels, an approach that has already shown great 

promise[23–27]. A crucial point is still the investigation of new supports and immobilization 

methods[22]. Towards this end, threonine aldolase (TA) immobilization on innovative 

Nanosprings[28] and commercial Eupergit CM[29] supports was investigated, see Scheme 

1.1[30]. TA is an enzyme used for carbon-carbon bond formation of amino acids and enables 

the direct synthesis of enantiomers and diastereomers. The highest activity retention (89.4%) 

was reported by immobilization on Eupergit CM via an indirect method. In addition, 

immobilization on Eupergit CM also slowed the rate of TA deactivation, see Figure 1.3. 

Activity retention reported for immobilization on Nanosprings was comparatively low 

(13.2%) and thermal stability was not enhanced. However, unlike Eupergit CM, Nanosprings 

should be better suited for use in flow, as their open structure should not create a diffusion 

barrier. Finally, a cost analysis of a process using Nanosprings-immobilized enzymes in 

micro flow indicates that it would be economically viable in the case of high added-value 

products. The prerequisite would be that the immobilized enzyme can be reused sufficiently, 

up to 100 times. 
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Scheme 1.1. Synthesis of phenylserine from benzaldehyde and glycine with TA, using 

pyrodoxal-L-phosphate as a co-factor 

 

Also investigated was the productivity of an enzyme microreactor for the transesterification 

of ethyl butyrate and 1-butanol to butyl butyrate with Novozym 435[31]. In comparison with 

the same reaction in batch, the enzyme microreactor provided a higher yield of butyl butyrate 

in the same reaction time, see Figure 1.2. In micro flow, more than twice the amount of 

enzyme could be used, which may largely account for the increased reaction rate, besides 

decresed mass transfer limitations. Using a similar amount of enzymes in batch was not 

possible, due to the enzymes sticking to the wall of the reactor vessel.  

 

 

Figure 1.2. Productivity of an enzyme microreactor versus a batch reactor[31] 
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Figure 1.3. Effect of support on 

TA thermal stability for a) free 

TA at 50 °C and 80 °C, b) free 

TA and TA immobilised on 

Nanosprings at 80 °C and c) free 

TA and TA immobilised directly 

(without spacer) and indirectly 

on Eupergit CM. Fu et al[30] (by 

courtesy of Elsevier) 
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1.2.1.2 High Concentration / Tailored Solvents 

Solvents play an important role in chemistry, taking up 80-90% of the total mass of industrial 

processes[32,33]. As a direct consequence, solvents contribute a major share to the energy 

consumption and waste generation in chemical processes. Reducing or eliminating the use of 

solvents would therefore be a large step towards decreasing was generation. However, the 

use of solvents serves several important purposes. Firstly, diluting the reaction mixture can 

mitigate temperature fluctuations when the heat produced in the reaction cannot be removed 

quickly enough otherwise. Secondly, the use of a solvent is required for reactions involving 

solid reagents and products that could otherwise not be processed. Finally, solvents also 

affect the course of the reaction directly by influencing the rate of the reaction and the 

selectivity, primarily through the dielectric constant (solvent polarity). In a microreactor, the 

excellent heat transfer would eliminate the need for a solvent to dilute the reaction’s heat 

production. Microreactors are also beneficial when operating at the elevated temperatures 

required for the solid reagents and products to become liquid. New tailored, innovative 

solvents such as ionic liquids, supercritical fluids and fluorous solvents offer many new 

possibilities for enhancing the reaction environment, especially when combined with the 

process control provided by micro flow systems[34,35]  

 

An example of such a system is the use of reactive ionic liquids in the Kolbe-Schmitt 

synthesis[36]. When a capillary reactor with microwave heating was combined with reactive 

ionic liquids, a record yield of 59% (180 °C, 35 bar, 0.17 L/h, 130 s) was attained[37]. 

Supercritical CO2 (scCO2) was used by Poliakoff, George et al. in the photo-catalytic 

oxidation with singlet O2 in microflow, see Scheme 1.2[38,39]. In this process, the singlet 

oxygen is stabilized by the scCO2, enhancing the rate of reaction. 
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Scheme 1.2. Photo-oxidation of α-terpinene to ascaridole in scCO2 

 

1.2.1.3 High Temperature 

The relationship between temperature and kinetics is described by the Arrhenius equation, 

which shows us that an increase in temperature will lead to an increase in the reaction rate 

constant. At a higher temperature, thermodynamic equilibrium will thus be reached faster. In 

practice however, the operating temperature is quite often lowered due to some process 

restriction. Higher temperatures often require the operation of a pressurized system, which 

limits the possibilities with typical glass-based laboratory equipment. Another reason for 

operating at a lower temperature is to improve process control. For highly exothermic 

reactions, the high reaction rate may provide more heat production than the system can deal 

with and cause temperature variations, leading to the formation of undesired by-products. 

Increased control over the process may also be required from a safety perspective. Yet all 

such limitations are overcome by using a microstructured reactor, which has no issues with 

the increased pressure necessary to raise the boiling point and has excellent mass- and heat 

transfer characteristics. For processes that already operate at high temperatures, the use of a 

microstructured reactor can further simplify and improve the process. Furthermore, the risk 

of accidents is greatly reduced in micro flow, as internal volumes are kept small and control 

over the reaction temperature is very high. 

 

To our best knowledge, the first reaction which deliberately used temperature intensification 

was the Kolbe-Schmitt synthesis of 2,4-dihydroxybenzoic acid from resorcinol, see Scheme 

1.3[36,40,41]. The process was carried out in a capillary reactor under superheated conditions. 
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In comparison with a batch reaction carried out in a flask, the space-time yield in a capillary 

reactor was increased by a factor of 1000. This process has been combined with the use of 

reactive ionic liquids for solvent-free operation, which could further improve the space-time 

yield of the capillary reactor[36]. In an attempt to improve on this by increasing the heating 

rate, the Kolbe-Schmitt synthesis in a capillary reactor was successfully combined with 

microwave heating[37]. Due to the improved heating a yield of 52% (at 160 °C, 8 bar, 1 L/h, 

90 s)) was achieved, 5% higher than with conventional heating using an oil bath (at 140 °C, 

40 bar, 84 mL/h, 390s).  

 

 

 

Scheme 1.3. High temperature Kolbe-Schmitt synthesis in a microreactor achieved by 

microwave heating (Hessel et al.)[37] 

 

Another example of temperature intensification is given by the Cu(I)-catalyzed azide-alkyne 

cycloaddition reaction. This reaction is a well-known example of Click chemistry, which is 

of importance to the pharmaceutical industry[42]. However, the use of azides in this reaction 

poses an explosion hazard. Such a risk can be greatly diminished by performing the reaction 

in microflow[43–49], yet it has been shown by Kappe et al. that leaching of the immobilized 

Cu(I) catalyst arises as a new problem[49]. To circumvent this problem, a homogeneous 

[Cu(phen)(PPh3)2]NO3 catalyst was used in combination with an in-line extraction process, 

see Scheme 1.4[50]. At a reaction temperature of 180 °C, a 92% yield was obtained after 10 

min, which exceeded the productivity of a similar reaction using a copper tube, see Figure 

1.4. At higher temperature the yield was observed to decline again. Additionally, the high 

activity of the homogeneous Cu(I) catalyst meant that only a small amount of catalyst was 

required. By in-line extraction with a copper scavenger the Cu(I) concentration could be 
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reduced to only 14 ppm, which is below the concentration limit that has been set for active 

pharmaceutical ingredients[50].  

 

 

 

Scheme 1.4. Azide-alkyne cycloaddition in microflow using a homogeneous Cu(I) catalyst 

 

 

Figure 1.4. Yield versus temperature for azide-alkyne cycloaddition in microflow using a 

homogeneous Cu(I) catalyst 

 

1.2.1.4 High Pressure 

Another approach to chemical intensification is the application of high pressures, although 

the use of high pressure is not as straightforward as that of high temperature. For reactions 

that undergo a reduction in volume, the compression of the reaction mixture will lead to an 

increase in the rate of reaction. However, high pressure can also be applied to affect the 

transition state and therefore the activation energy of a reaction [51]. A high degree of 

compression also affects the energy levels of electrons and, as a result, will influence the 

selectivity of a reaction[52]. Furthermore, high pressure can reduce intermolecular distances 

of liquids and solids by half, shifting selectivity towards reactions that require the least 
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amount of atomic and molecular displacement[53,54]. Finally, pressure affects a number of 

properties such as solubility, viscosity and the dielectric constant, effects that can all be 

exploited to enhance chemistry[55,56]. Unfortunately, for safety reasons the use of high 

pressure in industrial processes is usually limited, since large pressurized volumes equal a 

large amount of potential energy that will be released in case of an accident. In a microreactor, 

such is not the case. The small internal volume of the microreactor results in a limited amount 

of contained energy, which means less risk and reduced stress on the reactor. Recently, such 

high pressure conditions were applied in a microreactor for the first time, for the esterification 

of phthalic anhydride[57].  

 

At elevated temperature (>200 °C) and atmospheric pressure, the Claisen rearrangement 

typically requires several hours to reach full conversion[58]. Previously it has been shown by 

that at high pressure and further increased temperature, conditions made possible in a 

microreactor, the reaction time can be reduced to several minutes[59–61]. The application high 

pressures in the Claisen rearrangement was further investigated by Hessel et al., see Scheme 

1.5[62]. At a pressure from 50 to 300 bar, the yield for the Claisen rearrangement was enhanced 

from 50% to 67%; an increase of 3.4% yield every 50 bar. In addition it was observed that 

the reaction is enhanced by the use of protic solvents, probably due to the catalyzing effect 

of hydrogen bonding. As discussed previously, the use of solvents above their boiling point 

requires high pressure, another point in favor of micro flow systems. Although the Claisen 

rearrangement was investigated up to 300 bar, commonly even higher pressure is required; 

from 1-10 kbar[63].  

 

 

 

Scheme 1.5. Claisen rearrangement of an allyl phenyl ether using high temperature and 

pressure (Hessel et al.)[62]  
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1.2.2 Process Design Intensification 

The second category of Novel Process Windows focuses on process design intensification: 

routes in the explosive and thermal runaway regime and process simplification and 

integration. The aim of these routes is to reconsider existing industrial processes in the light 

of advances through Novel Process Windows and flow-based transport intensification. 

Although such process design intensification could provide step-change improvements, the 

design focus is typically on individual units due the lack of standard modules, the focus on 

reaction optimization, the fact that components cannot simply be plugged into a plant and the 

rarity of systems that allow an integrated design[64], although some integrated micro-flow 

devices have been described.[6,65]  

1.2.2.1 Explosive and Thermal Runaway Regime 

Without sufficient control over a process, accidents are guaranteed to occur. Therefore, 

chemical processes involving hazardous chemicals are designed to operate outside of the 

explosive- or thermal runaway regime. A very effectively way of ensuring these conditions 

is by restricting the concentration of the hazardous reagent, typically by slowly adding the 

reagent over a period of time. Unfortunately, operating at a low reagent concentration will 

also limit the reaction kinetics, often lowering the effective reaction rate and severely 

hampering the use of the reagent concentration for influencing selectivity. The key to this 

issue lies in the fact that the hazard is not merely determined by the concentration of the 

hazardous reagent, but also depends on the hold-up. A process that involves only small 

amounts of the reaction mixture could safely operate at reagent concentrations well in the 

explosive- or thermal runaway regime. In case of an explosive reaction or thermal runaway, 

only a limited amount of energy can be released. More importantly however, at the scale of 

a microreactor, kinetic quenching of the runaway reaction mechanism occurs, thus ensuring 

inherent safety[13]. Microreactors, given their small internal volume, are therefore ideally 

suited for such an approach. The excellent heat transfer characteristics of a microreactor will 

further prevent conditions that would lead to an explosion or thermal runaway. 
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Scheme 1.6. Tert-butyl peroxypivalate synthesis in a microreactor (Illg et al.)[66] 

 

The synthesis of organic peroxides is a challenging process due to their thermal instability 

and the associated risk of explosion[67–69]. Illg et al. demonstrated the successful application 

of an orifice microreactor for the continuous flow synthesis of tert-butyl peroxypivalate, see 

Figure 1.5[66]. As shown in the thermal images, the microreactor allowed for very efficient 

cooling of the volatile process. The production of tert-butyl peroxypivalate is a two-step 

process, in which the second step is the most challenging[70]. This step involves a biphasic 

reaction between reactants that are both thermally unstable and corrosive. The industrial 

batch process, which has poor mass- and heat transfer, is not ideal for such a reaction and has 

a space-time yield of only 190 L-1 h-1. In comparison, a space-time yield of 420,000 g L-1 h-1 

was achieved at 40 °C in a 9 orifice microreactor. By serial placement of the orifices, the 

onset of mass-transfer limitations through droplet coalescence can be overcome. When the 

number of orifices is increased beyond 9, a further increase in yield is observed, but this also 

reduces heat transfer efficiency, thereby causing undesired side reactions.  

 

1.2.2.2 Process Simplification and Integration 

To meet the demands that are placed on chemical industry by both society and the 

environment requires more than improving the chemistry and the chemical reactor; it requires 

innovation that spans the entire production process[71]. Traditionally, process improvement is 

achieved by process optimization, but this approach can never surpass the maximum 

efficiency of the individual process steps. Process simplification and integration instead aims 

to respectively reduce and combine these individual steps. New synthesis routes provided by 

Novel Process Windows can lead to a simpler process design, eliminating the inefficiency of 

more elaborate routes. Smart integration of individual process steps reduces the number of 

unit operations, further improving efficiency. 
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Adipic acid is an important intermediate product that is used for the production of Nylon 6,6 

and polyesters[72]. In industry, adipic acid is typically produced from cyclohexane in a two-

step process, but unfortunately this process suffers from several serious drawbacks[73]. In the 

first step of the process, cyclohexane is converted by air oxidation to yield a mixture of 

cyclohexanone and cyclohexanol (the so-called KA-oil). For this reaction step, a high 

selectivity (85-90%) can only be achieved by operating at a very low conversion (4-8%). 

Consequently, a high amount of unconverted cyclohexane needs to be recycled, requiring the 

operation of large energy intensive distillation units. In the second step, oxidation of the 

cyclohexanone/cyclohexanol-mixture with concentrated (50-60%) nitric acid finally gives 

the adipic acid product in a 92-96% yield. Due to its corrosiveness, the handling of such large 

amounts of nitric acid presents a serious problem. In addition, large quantities of the nitric 

acid is oxidized to N2O and NOx and released into the atmosphere. N2O is a greenhouse gas 

for which 5-8% of global emissions can be attributed to adipic acid production[74].  

 

An alternative route to adipic acid is the direct oxidation of cyclohexene over Na2WO2 by 

30% H2O2, using [CH3(n-C8H17)3N]HSO4 as a phase transfer catalyst[76]. This reaction has a 

high yield (93%), with only water as a byproduct, and does not require any solvent or the use 

of halogens. The issues with this route are the risks associated with the use of H2O2 and the 

limitations to mass transfer due to the biphasic system, but such issues can be overcome by 

the use of a microreactor. Also, it should be mentioned the production of cyclohexene, by 

dehydrogenation of cyclohexane, is not yet an established process. 

 

To investigate the direct oxidation route in flow from the perspective of process-design 

intensification, a comparison of the direct oxidation and the industrial 2-step process was 

made by doing process simulations[75,77]. In Figure 1.6, it is shown that adipic acid production 

through the direct oxidation of cyclohexene can be accomplished with far less unit operations 

than the current industrial 2-step process. Then, equipment cost estimation was done for the 

two process alternatives. It was found that total equipment cost for the direct oxidation 

process is greatly reduced, as can be seen in Figure 1.7. This is due to reducing the chemical 

process steps from two to one and, accordingly, reducing the amount of equipment. When  
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Figure 1.7. Comparison of equipment costs (left) and share of costs (right) for the 2-step 

process and the direct oxidation process[77] 

 

share of costs was considered (right), it was seen that the share of the total costs of reactor is 

10% in 2-step process compared to 40% in the direct process due to the higher cost of more 

advanced flow reactor. Furthermore, energy consumption analysis was carried out. Since the 
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energy intensive separation units are eliminated or simplified in the direct oxidation of 

cyclohexene, the energy requirement is reduced as well, see Figure 1.8.  

 

 

Figure 1.8. Energy consumption for the 2-step process and the direct oxidation process[77]  

 

1.2.2.3 Holistic Evaluation 

Novel Process Windows aim to completely redesign existing chemical processes. Thus, the 

successful application of Novel Process Windows depends on many critical aspects, such as 

reaction chemistry, catalyst performance and stability, reactor design and down-stream 

processing, economic feasibility and environmental impact. As this myriad of combinations 

goes much beyond normal process optimization, bringing these aspects together requires a 

holistic evaluation of the process, preferably done before the investigation, starting with an 

ex-ante analysis of all possible alternatives. The methodology for this process analysis was 

developed for Novel Process Windows by Hessel[11]. 

 

The total environmental impact of the previously mentioned direct oxidation process was 

investigated with a Life Cycle Assessment (LCA), which looks at the environmental impact 

over different categories. This revealed, as shown in Figure 1.9, that H2O2 had the largest 

negative impact on the environment by far, a result of the less sustainable production process 

for this reagent. Therefore, for a full cradle-to-grave assessment, the production of H2O2 via 



Introduction 

29 

 

the anthraquinone process should also be included. Further analysis is still in progress and is 

aimed at a comparison of the direct oxidation in flow with the 2-step industrial process. This 

should also include a correction for the fact that cyclohexene production is not an established 

process. 

 

 

 

1. AP: acidification potential  

2. GWP 20a: global warming in 20 years 

3. EP: Eutrophication potential  

4. FAETP 20a: freshwater aquatic ecotoxicity in 20 years 

5. HTP 20a: human toxicity in 20 years 

6. Land Use 

7. Malodours Air 

8. MAETP 20a: marine aquatic ecotoxicity in 20 years 

9. High NOx POCP : photochemical oxidant creation 

10. Depletion of abiotic resources 

11. TAETP 20a: terrestrial ecotoxicity in 20 years 

 

Figure 1.9. LCA result of direct oxidation process[77] 

 

As a representative example of a holistic approach, an analysis was performed on the 

development of a continuous flow process for glucose oxidation, featuring an entirely new 

class of enzymatic microreactors (see also chapter 1)[78]. The challenge in the utilization of 

glucose as a chemical feedstock is the oxidation of glucose, typically performed in batch by 

microbial fermentation[79]. Although the used microorganisms are cheap, their performance 

leaves to be desired; low activity, large amounts of by-products and waste water, high oxygen 
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consumption and the need for a sterile environment[78]. A holistic evaluation on a soybean-

oil process intensified by micro-flow was previously done by Kralisch et al[64]. For the 

oxidation of glucose, alternative processes are based on noble metal catalysts or isolated 

enzymes, which each have their own challenges. Noble metals, while cheap and easily 

recovered, require the use of 99% pure glucose, are vulnerable to deactivation and have a low 

selectivity[80–82]. Enzymes can be used with commercial grade glucose and have both a high 

selectivity and activity, but are expensive, difficult to recover and their thermal stability is 

low[83]. The use of noble metal catalysts in a falling film microreactor was predicted as the 

best option, with a productivity increase by three orders of magnitude over the conventional 

batch slurry reactor. While enzymes remain interesting, their use will require further 

investigation to enhance their performance, as outlined in the paper by Fu et al[30]. 

 

1.3 Conclusion 

 

The field of Novel Process Windows saw its official inception in 2009 and, as a result of 

numerous research efforts, has since then progressed considerably. This min-review provides 

a clear and compact introduction into the field of Novel Process Windows and the work done 

in this field, exemplarily mirrored by the clustered research provided by an ERC Advanced 

Grant, by the group of Micro Flow Chemistry and Process Technology at the Eindhoven 

University of Technology, and their associates. The obtained results clearly prove the worth 

of Novel Process Windows, by realizing higher yields, lower reaction times, higher 

productivity, new direct routes, less waste (from solvents), improved process control and 

safety, and thus reducing operating costs and increasing sustainability. 

   

Novel Process Windows are divided into six pathways that serve to focus research efforts. 

Yet it is clear from the presented work that these pathways are intrinsically connected. 

Advancements in one direction may open up new possibilities for other pathways as well. It 

was shown that through a holistic approach, the total impact of Novel Process Windows on 

critical aspects of a process can be assessed and monitored, thus providing a means for 

directing the research. 
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1.4 Scope of the thesis 

The scope of this work is the novel application of solvents in micro flow, to realize innovative 

reaction conditions. Micro flow systems, due to their high mass- and heat transfer properties 

and the potential for operating at high temperature and pressure, are ideally suited for such 

innovative reaction conditions. On the one hand, fluidic structuring can lead to enhanced 

control over the reaction and to overcoming mass- and heat transfer limitations. Thus, it 

allows conventional solvents to be used in novel ways[84]. On the other hand, supercritical 

operating conditions are possible due to the enhanced control of micro flow systems, 

permitting safe operation at increased temperature and pressure. In short, allowing the use of 

innovative solvents.  

 

In this work were studied both the innovative use of conventional solvents, as well as the 

novel use of innovative solvents. The second chapter is concerned with the micro fluidic 

synthesis of fluorinated compounds via a Mizoroki-Heck fluoroalkenylation. In the third and 

fourth chapter the innovative use of solvents is studied for the Mizoroki-Heck reaction in 

micro flow, to realize an supported liquid phase catalyst coating. In chapter five, the use of 

supercritical carbon dioxide as an innovative solvent is investigated and used to realize a 

novel methoxycarbonylation reaction, in which the carbon dioxide is also used as a solvent. 

Finally, the sixth and last chapter focuses on the potential of the methoxycarbonylation via a 

Life Cycle Assessment (LCA) study, investigating a viable approach to synthesize methyl 

propionate – a precursor to methyl methacrylate – and comparing this approach to the 

industrial state-of-the-art, the Lucite Alpha process. 
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Chapter 2 

Fluoroalkenylation in flow 

2.1 Introduction 

Every year, the pharmaceutical industry spends vast amounts on drug development, either to 

find entirely new drugs or to improve on the effectiveness of existing ones. Over time, the 

structure of these drugs has become increasingly complex, further inflating the costs of 

research as well as production. Among many others, the incorporation of fluorine or 

trifluoromethyl functionalities remains a challenging area in the field of organic synthesis 

and modern drug development.[1] Fluorine chemistry plays an important role in the 

development of modern pharmaceuticals, owing to its potential to improve their 

effectiveness, or bioavailability.[2] Also, drug lifetime may be increased by strategically by 

replacing a carbon-hydrogen bond with a carbon-fluorine bond, as the latter is more resistant 

to oxidation by liver enzymes. Finally, fluorine can also improve the binding affinity for the 

target protein, increasing the drug’s activity. Consequently, processes that allow the 

incorporation of fluorine are very interesting for the production of pharmaceuticals[3]. 

  

Obtaining methods that can improve efficiency or decrease the requirement of costly reagents 

is therefore of considerable interest. Since production quantities for drugs are low in 

comparison to other chemical products, with processes involving many separate steps, 

pharmaceutical production typically relies on step-by-step synthesis in batch. Until now, 

developing flow process has been of little interest, yet the emergence of micro flow 

processing has recently opened up new possibilities.  
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Transition metal catalyzed carbon-carbon bond forming reactions are important tools in 

modern organic synthesis, allowing the formation of carbon-carbon bonds with high 

conversion and selectivity. The Mizoroki-Heck reaction is one of the most prominent of 

these, allowing the coupling of aryl or vinyl halides and pseudo-halides with an olefin, see 

Figure 2.1[4–7]. After in situ formation of the active Pd(0) complex from a Pd(II) precursor, 

oxidative addition of the aryl halide occurs, followed by olefin coordination and migratory 

insertion. The product is then formed by beta-hydride elimination and released. Finally, the 

initial Pd(0) complex is regenerated by reductive elimination by a base.  

 

  

Figure 2.1. Catalytic cycle for the Mizoroki-Heck reaction 
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A particular advantage to the Mizoroki-Heck reaction is its unsurpassed versatility compared 

to other transition-metal catalyzed reactions, as the Mizoroki-Heck reaction does not seem to 

be limited to specific reactants, solvents or conditions[8–10]. Therefore, the Mizoroki-Heck 

reaction may be applied in a broad range of organic syntheses and finds many uses in fine 

chemical and pharmaceutical industry. 

 

In this study, we developed the coupling between iodobenzene with a hydrofluoroolefin, 

utilizing the well-known Mizoroki-Heck reaction conditions in a continuous micro fluidic 

process. Initial optimization was done in batch prior to studying the reaction under continuous 

flow conditions. 

 

2.2 Experimental 

2.2.1 General 

All capillary tubing and micro fluidic fittings, such as connectors, T-pieces and cross-pieces, 

as well as back pressure regulators, were obtained from IDEX Health and Science. Chemicals 

were purchased from Sigma Aldrich and VWR and ligands were obtained from Sigma 

Aldrich. GC-FID analysis was performed on a Varian 430-GC with a flame ionization 

detector using a CP-Sil 8 CB column (length 60 m, diameter 0.25 mm, film thickness 0.1 

μm), with helium as the carrier gas. GC-MS analysis was performed on a Shimadzu GC-2010 

Plus coupled to a Shimadzu GCMS-QP 2010 Ultra Mass Spectrometer. 19F-NMR spectra 

were recorded on a Varian Mercury 400.  

 

2.2.2 Batch experiments 

In a typical experiment, a 10 mL vacuum tube containing a magnetic stir bar was charged 

with Pd(OAc)2 (40 μmol, 9.0 mg), the ligand, typically t-BuXPhos (120 μmol, 82.4 mg), and 

5 mL solvent, then stirred for 15 minutes at room temperature to allow formation of the 
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catalyst complex. Subsequently added were iodobenzene (1.0 mmol, 204 mg), 1H,1H,2H-

perfluorohexene (3.0 mmol, 738 mg), the internal standard α,α,α- trifluorotoluene, 50 µL), 

the base, typically N,N-diisopropylethylamine (DiPEA, 3.0 mmol, 388 mg) and additional 

solvent up to a total volume of 10 mL. The pressure tube was then sealed and heated to the 

desire reaction temperature while stirring. Samples were analyzed using GC-FID, GC-MS 

and 19F-NMR. 

2.2.3 Continuous flow experiments 

 

 

Figure 2.2. Continuous flow system for the Mizoroki-Heck fluoroalkenylation 

 

The setup for the continuous flow system is depicted in Figure 2.2. Two Fusion 200 Classic 

syringe pumps from Chemyx were used to pump the liquid reaction solutions and were mixed 

in a T-mixer prior to entering the reactor. The reactor consisted of 2.5 m 1/16” PFA tubing 

(ID 500 µm) with a corresponding volume of 500 µL, which was placed in an oil bath for 

heating. Pressure was controlled using a back pressure regulator (40 psi or 2.76 bar).  

 

In a typical continuous flow experiment, a 5 mL volumetric flask was charged with Pd(OAc)2 

(40 μmol, 9.0 mg), the ligand, typically t-BuXPhos (120 μmol, 82.4 mg), and solvent (DMF) 

up to a total volume of 5 mL, then stirred for 15 minutes at room temperature to allow 
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formation of the catalyst complex. A second 5 mL volumetric flask was charged with 

iodobenzene (1.0 mmol, 204 mg), 1H,1H,2H-perfluorohexene (3.0 mmol, 738 mg), the 

internal standard α,α,α- trifluorotoluene, 50 µL), DiPEA (3.0 mmol, 388 mg) and solvent 

(DMF) up to a total volume of 5 mL. The prepared solutions were transferred to two 5 mL 

plastic syringes and connected to the reactor system via two syringe pumps, see Figure 2.2. 

After heating the reactor to the desired temperature, the syringe pumps were started. After 

waiting for 1.5 residence times, sample collection was initiated. Samples were analyzed using 

GC-FID, GC-MS and 19F-NMR. 

 

2.2.4 Continuous flow experiments with a gas-liquid system 

 

 

Figure 2.3. Continuous flow system for the Mizoroki-Heck fluoroalkenylation, modified for 

the use of a gaseous substrate 

 

For experiments with the gaseous 3,3,3-trifluoropropene as a reactant, several alterations 

were made to the setup. The setup used for the gas-liquid flow system is depicted in Figure 

2.3. Two Fusion 200 Classic syringe pumps from Chemyx were used to pump the liquid 

reaction solutions. The 3,3,3-trifluoropropene was supplied from a gas cylinder and fed to 

the system via a mass flow controller. Both the liquid feeds were mixed together with the gas 

feed via a cross-mixer prior to entering the reactor. The reactor consisted of a 1/16” PFA 

tubing (ID 500 µm) of 2,5 or 10 m length, with a corresponding volume of 500 or 2000 µL, 
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which was placed in an oil bath for heating. Pressure was controlled using a back pressure 

regulator (typically 40 psi or 2.76 bar).  

 

In a typical gas-liquid flow experiment, a 5 mL volumetric flask was charged with Pd(OAc)2 

(15 μmol, 3.4 mg), the ligand, typically t-BuXPhos (45 μmol, 31 mg), and solvent (DMF) up 

to a total volume of 5 mL, then stirred for 15 minutes at room temperature to allow formation 

of the catalyst complex. A second 5 mL volumetric flask was charged with iodobenzene (1.5 

mmol, 306 mg), the internal standard α,α,α- trifluorotoluene, 50 µL), DiPEA (4.5 mmol, 582 

mg) and solvent (DMF) up to a total volume of 5 mL. The prepared solutions were transferred 

to two 5 mL plastic syringes and connected to the reactor system via two syringe pumps. A 

cylinder with the gaseous reactant 3,3,3-trifluoropropene was connected to the reactor via a 

mass flow controller. After heating the reactor to the desired temperature, the syringe pumps 

and mass flow controller were started. After waiting for 1.5 residence times, sample 

collection was initiated. Samples were analyzed using GC-FID, GC-MS and 19F-NMR. 

 

2.3 Results 

2.3.1 Batch optimization 

Prior to the use of the continuous micro flow system, optimization experiments were done in 

batch. Investigated were the effect of the type of ligand, the type of base and the type of 

solvent used.  

 

Different types of base were studied for the Mizoroki-Heck fluoroalkenylation, see Table 2.1. 

Use of DiPEA resulted in the highest conversion, with the similar but more sterically 

hindered triethylamine also performing reasonably well. Very poor conversions were 

observed for all other bases. The large difference in conversion observed between 

triethylamine and DiPEA is interesting due to the similarity of these two bases. Compared to 

triethylamine, DiPEA is more sterically hindered and thus a poorer nucleophile, suggesting 

that base nucleophilicity plays an important role. 
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Various solvents were studied as well, see Table 2.2. Best yields were observed for DMF and 

NMP, with 100% conversion. Since DMF is less expensive than NMP, it was selected as a 

solvent in further experiments in flow. Still, also fairly high conversions were observed for 

n-butanol, acetonitrile and ethanol, yet these solvents also have a lower boiling point than 

DMF. 

 

Table 2.1. Effect of the type of base on conversion 

 

 

 

From literature, it is known that bulky ligands are the most suitable for the Mizoroki-Heck 

reaction[11]. Therefore, a selection of bulky Buchwald-type ligands was studied for their 

effectiveness in the Mizoroki-Heck reaction, see Table 2.3.  After 24 h at 70°C, product was 

observed for all ligand types except for RuPhos, with the highest yield observed for the t-

BuXPhos ligand, see Figure 2.4. After another 72 h at 110 °C, the yield observed for RuPhos 

showed a dramatic increase compared to the yield at 70°C. The higher temperature also 

caused a large increase in the yield for XPhos, while no increase in yield was observed for 

any of the other ligand types. Although JohnPhos provided the best results when looking only 

at conversion, it was found that the observed yield was in fact much lower due to formation  
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Table 2.2. Effect of the type of solvent on conversion 

 

 

 

Table 2.3. Types of ligands studied for the Mizoroki-Heck fluoroalkenylation 
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of biphenyl as a byproduct. The formation of biphenyl as a byproduct also occurred for other 

ligands. As the best results were observed with t-BuXPhos, it was selected for use in 

subsequent experiments. In all cases, deactivation via formation of metallic palladium 

(“palladium black”) was observed.  

 

 

 

Figure 2.4. Effect of the type of ligand on yield in the Mizoroki-Heck fluoroalkenylation, 

after 24 h at 70 °C (opaque) and another 72 h at 110 °C (dashed) 

 

Finally, the product yield was investigated at the optimum conditions for different catalyst 

concentrations, see Figure 2.5. At these conditions, a linear relationship was observed 

between the catalyst concentration and the product yield. To achieve a high product yield in 

the continuous flow system, a 4 mol% catalyst concentration was used in further experiments. 
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Figure 2.5. Effect of catalyst concentration on yield  

 

2.3.2 Performance in micro flow 

The optimum reaction conditions for the Mizoroki-Heck fluoroalkenylation in continuous 

flow were determined from the results obtained with the batch system. At these conditions, 

the effect of temperature and residence time on yield was investigated in continuous flow, 

see Figure 2.6. By increasing temperature to 130 °C, a 74% yield was obtained in the 

continuous flow system after a residence time of 20 min. 
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Figure 2.6. Effect of temperature and residence time on yield in continuous flow Mizoroki-

Heck fluoroalkenylation 

 

2.3.3 Performance with a gas-liquid system 

A major benefit of micro flow systems is the vastly improved mass transfer for gas-liquid 

systems, achieved through intensified gas-liquid contact. To investigate the performance for 

the Mizoroki-Heck fluoroalkenylation for a gas-liquid system, the liquid substrate 

1H,1H,2H-perfluorohexene was replaced by the gaseous 3,3,3-trifluoropropene. Several 

changes were made to the flow system to allow for the use of the gaseous substrate, mainly 

a back pressure regulator to control pressure and a mass flow controller to regulate the gas 

feed. 

 

Unfortunately, poor performance was observed for the gas-liquid flow system due to strong 

catalyst deactivation, clearly visible by the precipitation of palladium black. While better 

results were observed for comparable experiments in batch, also here catalyst deactivation 

was observed. The cause of the catalyst deactivation is very likely the 3,3,3-trifluoropropene 

substrate, as it is the only difference with previous experiments which did not show catalyst 

deactivation. This conclusion would also be in line with the fact that catalyst deactivation 
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occurs fastest for the flow system, given the improved mass transfer from gas to liquid phase 

compared to the batch system. 

 

2.4 Conclusions 

The goal of this study was to realize a flouroalkenylation method in continuous flow utilizing 

the Mizoroki-Heck mechanism, which was successfully achieved. The optimum conditions 

for the reaction were found to be the use of a palladium catalyst with t-BuXPhos as the ligand, 

using DiPEA as a base and DMF as the solvent. A 74% yield of the desired product was 

obtained in continuous flow at 130 °C and at a residence time of 20 min. Unfortunately, 

results with a gas-liquid system intended to demonstrate the improved mass transfer for 

continuous micro flow suffered from catalyst deactivation caused by the gaseous substrate. 
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Chapter 3 

Application of a Supported Aqueous 

Phase Catalyst in Mizoroki-Heck 

alkenylation 

 

This chapter is based on: 

 

S.C. Stouten, T. Noël, Q. Wang, V. Hessel (2013) A supported aqueous phase catalyst coating 

in micro flow Mizoroki-Heck reaction. Tetrahedron Letters, 54(17), 2194-2198 

 

3.1 Introduction 

Transition metal catalyzed coupling reactions are important tools in modern organic 

synthesis. The Mizoroki-Heck alkenylation,[1–4] for the coupling of aryl and vinyl 

halides/pseudo halides with olefins, can be considered as one of the most prominent of these 

reactions, with high versatility and excellent functional group tolerance.[5–7] Use of the 

Mizoroki-Heck reaction in industries such as pharmaceutical production[8], fine chemical 

synthesis[9] and synthesis of natural products[10,11] has led to the development of highly active 

and efficient homogeneous catalysts. Traditionally, such industries have relied on the use of 
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batch processes. Lately however, the interest of the pharmaceutical industry has begun to 

shift towards continuous flow (micro) reactors.[12,13] 

 

Compared to batch processes, continuous flow microreactors provide several distinct 

advantages. Due to the differences in scale, the heat- and mass-transfer in such microfluidic 

devices is greatly enhanced, which allows processes to operate under intrinsic kinetics. 

However, this is only the most immediately apparent benefit. The concept of Novel Process 

Windows, developed by Hessel (2009), aims to exploit the advantages of a microreactor by 

entirely reconsidering existing processes.[14–24] By utilizing harsh reaction conditions and 

unconventional chemistry, it is possible to obtain intensified intrinsic kinetics.[25–27] This 

approach allows for a step-change increase in performance, unlike the gradual improvements 

that are typically made through process optimization. Many issues related to safety are 

eliminated by the small reactor volume and the high degree of process control of a 

microreactor.[26–32] Thus, highly exothermic reactions or potentially explosive reaction 

conditions and the use of toxic reagents can be considered. In addition, micro flow processing 

allows integration of reaction steps and separations in a streamlined process, for which 

operating conditions can be precisely controlled and optimized.[33,34] Still, transforming a 

process from batch to continuous-flow also requires design changes. 

 

One of the most crucial issues that need to be addressed is the recovery or retention of 

homogeneous catalysts. An important reason for removing the metal catalyst is that the 

maximum metal content in products is restricted. This can be achieved by the use of metal 

scavengers, which filter the metals from the product stream.[35] However, the high cost of 

many organometallic catalysts also necessitates their efficient reuse, a fact that also applies 

to the palladium-based catalyst used in the Mizoroki-Heck reaction. To reuse the catalyst 

efficiently, it must either be retained in the reactor, usually achieved by immobilization, or it 

must be recycled. Immobilization of the catalyst on a solid support allows the catalyst to be 

handled and separated as a heterogeneous catalyst. However, such immobilization may also 

decrease the activity and selectivity of the catalyst. Moreover, the immobilized 

organometallic catalyst may not be as stable and robust as a genuine heterogeneous catalyst 

and, unlike with a heterogeneous catalyst, it is not possible to regenerate it after deactivation 
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of the catalyst bed. Because of these drawbacks, the approach applied in industry is recycling 

of the catalyst, either by distillation or by using a multiphase process. Evidently, such 

downstream processing requires additional investments and increases operating costs. Also, 

depending on the chemistry involved, such recycling may not always be a viable option. 

Overcoming this challenge for the Mizoroki-Heck reaction has been the topic of a significant 

number of studies[36] and identifying a successful method for catalyst retention remains an 

important objective.  

 

The use of supported aqueous phase catalysts (SAPC) is an attractive alternative to permanent 

immobilization.[37–40] Instead of immobilization of the catalyst through a chemical bond, the 

catalyst in an SAPC is captured in a thin liquid film, which is held in place by a porous 

support. This allows the catalyst to be ‘immobilized’ without the loss of mobility. In addition, 

the catalyst coating can easily be regenerated by replacing the liquid film. SAPCs are usually 

prepared by impregnating a porous support, such as mesoporous silica, with an aqueous 

catalyst solution. Their preparation is therefore far simpler, and thus more cost effective, than 

methods for immobilization based on chemical bonding. By applying the SAPC as a coating 

in a capillary microreactor, the surface area of the SAPC is increased and more easily 

controlled than with the SAPC powder in a batch system, in which particles tend to 

agglomerate. While alternatively the capillary could be packed with the porous SAPC, such 

a system would have a high pressure drop and be vulnerable to clogging. 

 

The goal of this work is to investigate the use of a palladium SAPC as a coating for the 

Mizoroki-Heck reaction in micro flow. The palladium SAPC was first investigated for the 

Mizoroki-Heck reaction in batch. Next, a silica coated capillary was prepared and used to 

create an SAPC coating, which was then applied as a catalyst for the Mizoroki-Heck reaction 

in micro flow. 
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3.2 Experimental  

3.2.1 General 

Chemicals were purchased from Sigma Aldrich and VWR. Mesoporous silica was kindly 

provided by W.R. Grace and Co. Ligands were obtained from Strem Chemicals Inc. GC-FID 

analysis was performed off-line on a Varian 430-GC with a flame ionization detector using 

a CP-Sil 8 CB column (length 60 m, diameter 0.25 mm, film thickness 0.1 μm), with helium 

as the carrier gas. Calibration was done for iodobenzene, n-butyl acrylate, triethylamine, and 

n-butyl cinnamate, with n-dodecane as the internal standard. 1H-NMR spectra were recorded 

on a Varian Mercury 400. 

3.2.2 Preparation of the SAPC 

A solution of the palladium catalyst was prepared by dissolving Pd(OAc)2 (0.1 mmol, 22.5 

mg) and tris(2,4-dimethyl-5-sulfophenyl)phosphine (TXPTS, 0.5 mmol, 326.5 mg) in H2O 

(1.72 mL, bubbled through with argon for 30 min) in a 15 mL Ace pressure tube. After 

flushing the pressure tube with argon for 30 s, the tube was sealed and heated to 50 °C for 90 

min while stirring, during which the color changed to an intense yellow. To prepare the SAPC 

catalyst, mesoporous silica (Davicat® SI 1700) from W. R. Grace and co. was placed in a 

vacuum oven and dried at 200 °C for 2 h. The dry silica (1.0 g) was loaded into a round 

bottom flask and the palladium catalyst solution was then dripped directly onto the silica. A 

spatula was used to mix the silica with the palladium catalyst solution. The mixture was left 

overnight, and then dried under vacuum at 40 °C for 2 h. 

 

3.2.3 Typical procedure for the Mizoroki-Heck reaction in batch 

The dry SAPC (50 mg) was loaded into a 15 mL Ace pressure tube containing a magnetic 

stir bar, and was then hydrated by depositing a specific amount of H2O on the dry SAPC 

(1.72 mL H2O per 1 g of SAPC for 100% hydration). This was left for 15 min to allow for 

the water to fully hydrate the SAPC. Then toluene (2 mL, bubbled through with argon 15 

min), Et3N (1.5 mmol, 1.5 equiv, 209 μL), n-butyl acrylate (1.5 mmol, 1.5 equiv, 215 μL), 
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iodobenzene (1.0 mmol, 112 μL), and n-dodecane (50 μL, internal standard) were added to 

the pressure tube, in that order. The pressure tube was then sealed and stirred for 1 min, after 

which the tube was flushed with argon for 30 s and a reference sample was taken. The 

pressure tube was then sealed again and lowered into a heated oil bath while stirring. After 4 

h, the pressure tube was cooled to room temperature and a sample of the reaction mixture 

was taken for analysis by GC-FID. Product yields were calculated using an internal standard.  

 

3.2.4 Re-use of the SAPC in batch 

In several experiments the SAPC catalyst was re-used, requiring that the SAPC was washed 

between runs. At the end of a reaction run, the reaction mixture was collected with a pipette. 

Then 3 mL of anhydrous toluene was added to the pressure tube containing the SAPC and 

the mixture was stirred for 15 min, after which the toluene was removed by pipette. This 

procedure was repeated three times. At the start of the subsequent reaction run, the mixture 

was checked for traces of the product, which were not observed in any of the re-runs. 

 

3.2.5 Preparation of the SAPC coating 

An aqueous solution of the palladium catalyst was prepared from Pd(OAc)2 and TXPTS. 

The same method was followed as with the preparation of the SAPC for the batch reaction. 

A silica-coated capillary (i.d. 320 μm, 2.5 μm coating thickness) of 110 cm length was then 

filled with the aqueous catalyst solution and left for 1 h. To remove excess catalyst solution, 

the impregnated capillary was flushed with toluene. 

 

3.2.6 Typical procedure for the Mizoroki-Heck reaction in micro 

flow 

A micro flow setup was designed to study the use of the SAPC coating in a capillary 

microreactor, see Figure 3.3. A Chemyx Fusion 200 syringe pump was used for the dosing 

of the reaction mixture and H2O. The reaction mixture was passed through the SAPC coated 
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capillary microreactor, which was located in an oil bath. Directly after the capillary 

microreactor, the H2O was added into the product mixture via a T-piece to dissolve the 

ammonium salt, preventing clogging due to crystallization of the salt at room temperature. 

The system was kept at around 12 bar pressure with a back pressure regulator. Tubing and 

connections were made of PEEK or, when exposed to high temperature, of stainless steel. 

Samples were analyzed off-line by GC-FID. Product yields were calculated using an internal 

standard. 

 

3.3 Performance of the SAPC in batch experiments 

The SAPC to be tested in the Mizoroki-Heck alkenylation was prepared by impregnating dry 

mesoporous silica with an aqueous solution of the organometallic palladium catalyst. This 

aqueous catalyst solution was prepared in advance from Pd(OAc)2 and the water-soluble 

phosphine ligand tris(2,4-dimethyl-5-sulfophenyl)phosphine (TXPTS). Initial experiments 

revealed that in situ formation of the catalyst did not result in a stable catalyst. The prepared 

SAPC was then used in the Mizoroki-Heck alkenylation of iodobenzene and n-butyl acrylate 

to give n-butyl cinnamate. For the organic phase, a non-polar solvent with sufficiently high 

boiling point was required. The performance of toluene and n-heptane was compared, as seen 

in Table 3.1, with toluene providing the highest yield. Toluene was therefore used in 

subsequent experiments. 

 

Table 3.1. Yields observed with toluene and n-heptane as solvents 

Solvent Yield 

 100 °C 120 °C 

toluene 12% 19% 

n-heptane   5% 10% 
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The reaction yield was improved by increasing the temperature and reaction time, see Figure 

3.1. It is clear that, at least up to 180 °C, the rate of reaction increases with temperature. 

Between 120 °C and 140 °C, the increase in yield is particularly large, which may be 

explained by a pressure effect. As the boiling point for (pure) toluene is around 110 °C, 

heating of the system above this temperature will give rise to an increase in pressure. For 

example, the vapor pressure of toluene at 180 °C is 5.2 bar.  

 

 

 

 

Figure 3.1. Effect of temperature on yield of n-butyl cinnamate, over 4 h and over 20 h 

 

The effect of SAPC hydration was also investigated by varying the volume of water added 

per volume of the silica pores, see Figure 3.2. Increasing the hydration from 50% to 100% 

caused a distinct increase in the observed yield. Only a marginal increase in yield was 

obtained by further increasing the degree of SAPC hydration. This suggests full hydration of 
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the silica pores is required for optimal activity of the SAPC, while additional water does not 

have much effect on performance. 

 

 

Figure 3.2. Yield of n-butyl cinnamate versus SAPC hydration (expressed as the volume of 

water added relative to the pore volume) 

 

The experimental results for different reaction times indicated that the SAPC remained active 

over the duration of the experiment. However, for the SAPC to be re-used effectively, the 

activity of the catalyst should also be stable with re-use. The experimental results of re-using 

the SAPC several times are shown in Table 3.2. Prior to each re-use, the SAPC was washed 

with toluene to remove residual traces of reactants and the product. Over three runs, no 

significant changes in yield were observed, indicating the performance of the SAPC was 

stable. Unfortunately, the ammonium salt that was produced in the reaction could not be 

removed by washing with toluene. After the third run, the accumulated salt prevented further 
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washing of the SAPC and thus further re-runs. Although a more polar solvent could be used 

to remove the salt, this would have removed the organometallic palladium complex as well. 

 

Table 3.2. Yield of n-butyl cinnamate with re-use of the SAPCa  

Run number Yield 

1 83% 

2 83% 

3 81% 

a Reaction conditions as given in Figure 3.2 

 

 

Several alternatives to triethylamine were tried as a base, the results of which are shown in 

Table 3.3. With DBU and DABCO as the base, a higher yield was observed after 4 hours 

than with triethylamine. However, in the experiment in which DABCO was used, the 

formation of a gel-like substance occurred after the first run, which prevented the re-use of 

the SAPC.  

 

The promising result with DBU as a base was followed up by several experiments in which 

the SAPC was re-used, see Table 3.4. Although these showed a decrease in yield with each 

experiment, the conversion remained at 100%. Salt accumulation could be observed as was 

the case with triethylamine. Most likely, the apparent decrease in the observed yield was a 

result of the product being dissolved by the salt, as the salt is observed to be liquid at 180 °C.  

 

Table 3.3. Yield of n-butyl cinnamate using different basesa 

Base Yield 

Et3N 83% 

DBU 90% 

DABCO 90% 

DMAP 19% 

pyridine   0% 

a Reaction conditions as given in but with various bases Figure 3.2 
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Table 3.4. Yield of n-butyl cinnamate with re-use of the SAPC and DBU as the basea 

Run number Conversion Yield 

1 100% 90% 

2 100% 79% 

3 100% 59% 

a Reaction conditions as given in Figure 3.2 

 

 

Table 3.5. Substrate conversion using the SAPCa 

Substrate Conversion 

iodobenzene 82% 

4-iodoanisole 77% 

bromobenzene 19% 

chlorobenzene   4% 

a Reaction conditions as given in Figure 3.2 

 

 

The SAPC was also investigated in experiments with substrates other than iodobenzene, see 

Table 3.5. As was expected based on the general reactivity of the leaving groups, the highest 

yield was observed with the iodo-substituted benzene substrates followed by bromobenzene 

and lastly chlorobenzene. Yet conversion for the methoxy group in 4-iodoanisole, which is 

activating on the para position, is actually slightly lower than that for iodobenzene. This 

suggests that the oxidative addition is not rate determining in the case of iodobenzene, but 

this step does become rate determining by using poorer leaving groups such as a bromide or 

chloride.  
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3.4 Performance of the SAPC coating in micro flow 

experiments 

To study the application of the SAPC in micro flow, a silica-coated capillary was 

impregnated with an aqueous solution of the organometallic palladium catalyst. The capillary 

was then connected to the micro flow setup, see Figure 3.3, and used in two consecutive 

experimental runs. In the first run an 11% yield was obtained, while a 21% yield was 

observed in the second run, see Figure 3.4. This increase in yield was surprising, since a 

decrease in yield would be more expected as a result of catalyst deactivation and leaching. In 

studies by Fujita et al. (2002),[39] a similar increase in activity was observed, which was 

attributed to the beneficial effects of the ammonium salt that is produced during the reaction. 

 

 

Figure 3.3. Setup for the Mizoroki-Heck reaction in micro flow using a SAPC coating 

 

However, the production of the ammonium salt also provided a challenge for the system, due 

to the fact that it crystallizes upon cooling and did not dissolve into toluene. In batch 

experiments, the inability to remove the ammonium salt without also removing the catalyst 

eventually led to a problematic accumulation of the salt. In the micro flow system, this 
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challenge was successfully overcome by adding water into the product flow prior to cooling 

to room temperature. 

 

The advantages of the SAPC coating in flow over the SAPC in batch can be seen in Table 

3.6 Due to the intensified use of the catalyst in the micro flow system, only 0.01 mol% of the 

catalyst was required. Furthermore, while catalyst reuse in the batch system was limited by 

the accumulation of the ammonium salt, this was not the case for the continuous system, 

allowing more effective use of the catalyst. Running such a sequence of experiments would, 

for example, be of practical value for screening purposes. 

 

 

Figure 3.4. Yield of n-butyl cinnamate via the Mizoroki-Heck reaction using a capillary 

microreactor with an SAPC coating 
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Table 3.6. Comparison of the SAPC in batch and the SAPC coating in flow for the Mizoroki-

Heck reaction 

 Batch Flow 

Product/catalyst 

separation? 
Yes Yes 

Direct reuse of catalyst? No Yes 

Catalyst use per run a 0.4 mol%   (11 mg)  0.01 mol% (0.27 mg) 

Catalyst use for a 20 run 

sequence 
0.06 mol% b <0.001 mol% c 

Yield and Reaction time 
83%  

4 h 

21% 

2.9 min 

a Amount of catalyst used per 1 mmol of iodobenzene substrate 
b For re-use (up to 3x) of the SAPC 
c Estimated for re-use (up to 20x) of the SAPC coating 

 

3.5 Conclusions 

In the present study an SAPC was applied in the Mizoroki-Heck reaction in batch and, as a 

coating, in micro flow. In batch experiments, an 83% yield was obtained after 4 hours at 180 

°C. The SAPC was re-used successfully without loss of activity, but this re-use was limited 

to two additional runs due to the accumulation of an ammonium salt. Similar problems 

occurred when the triethylamine base was replaced with DBU or DABCO. In the micro flow 

system using an SAPC coated capillary microreactor, these problems were overcome by 

adding water into the product flow prior to cooling. Thus a yield of 21% was obtained in 

micro flow, for a residence time of merely 2.9 minutes and with only 0.01 mol% catalyst 

loading. Additionally, the ability to reuse the SAPC coating over multiple runs means an 

even more effective use of the catalyst can be achieved. In short, the SAPC coating in a micro 

flow system may allow for a more intensified application of the catalyst than is possible in a 

similar batch system, providing shorter reaction times and longer use. While with the current 

setup blockages due to salt formation prevented the realization of even higher conversions, 

further study is planned after modifications to the setup to overcome this issue. 
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Chapter 4 

Supported Liquid Phase Catalyst coating 

in flow using ethylene glycol 

 

This chapter is based on: 

 

S.C. Stouten, T. Noël, Q. Wang, V. Hessel (2015) Supported liquid phase catalyst coating in 

micro flow Mizoroki-Heck reaction. Chemical Engineering Journal, 279, 143-148 

4.1 Introduction 

In the last few decades, the Mizoroki-Heck reaction has become an essential tool in organic 

synthesis[1–4]. Unsurpassed in its versatility compared to other transition metal-catalyzed 

carbon-carbon bond forming reactions, the Mizoroki-Heck reaction is very broad in scope[5–

7]. While other reactions are typically limited by the reactants, solvent and conditions that 

may be used, such distinct boundaries seem absent for the Mizoroki-Heck reaction. As a 

result, the Mizoroki-Heck reaction is applied in many different organic preparations and has 

many applications in fine-chemical and pharmaceutical production[8–11]. These industries, 

while traditionally relying on batch production, are showing increasing interest in continuous 

production in (micro) flow systems[12,13].   
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Until recently, continuous production has only been of interest for large scale processes. For 

fine-chemical and pharmaceutical production, the production volumes were too limited to 

justify the required investment for developing these into continuous processes. Micro flow 

systems, while providing significantly enhanced heat- and mass transfer, were nevertheless 

considered uncompetitive. Recently however, the true potential of these systems was 

recognized. Novel Process Windows, as proposed by Hessel (2009)[14], aim to exploit the use 

of harsh process conditions in unconventional processes, boosting chemical productivity by 

orders of magnitude[15–26]. In micro flow, the improved process control and limited volume 

mean a higher degree of safety, allowing the application of processes or process conditions 

that would otherwise be discarded[27–33]. In addition, the high level of control in a micro flow 

system also provides opportunities for process integration[34,35]. As a result, the legislative 

authority for medicine approval, the FDA, has announced that until 2025 all pharmaceutical 

production may be changed to continuous processing. 

 

For homogeneously catalyzed reactions such as the Mizoroki-Heck reaction, continuous flow 

processes present a challenge[36]. Since the organometallic catalyst flows in and out of the 

reactor along with the product, a down-stream separation step will be required to recycle the 

catalyst. For expensive metals such as palladium, this is necessary to recover the valuable 

metal catalyst, but beyond that there are also legal restrictions on the maximum amount of 

metal that is allowed in the final product. In addition, as ligands can be expensive to replace, 

the intact recovery of the organometallic catalyst is strongly desirable, thus placing 

restrictions on the process conditions used for down-stream separation. To facilitate intact 

recovery of the organometallic catalyst, a biphasic system may be considered, such as the 

Ruhrchemie/Rhone–Poulenc process employed for industrial hydroformylation[37–39]. 

However, while this approach separates the catalyst from the product phase, it still requires 

continuous recycling of the catalyst.  

 

Ideally, the need for catalyst recycling should be eliminated completely, by permanently 

retaining the catalyst in the reactor. However, preventing catalyst leaching entirely is often a 

challenge, considering the method must still be cost effective. For organometallic catalysts, 

a common retention method is to anchor the catalyst to a support material, creating a 
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“heterogenized” catalyst[40,41]. Unfortunately, such immobilization is expensive, especially 

so when using more advanced techniques to prevent leaching. Also, while bonding the 

catalyst more strongly may reduce leaching, this typically inhibits the catalytic activity. In 

contrast with immobilization through a molecular bond, catalyst retention using a Supported 

Liquid Phase Catalyst (SLPC) involves the use of a stationary liquid film to retain the 

catalyst[42–44]. By using such a stationary catalyst phase, the need for recycling can be 

eliminated without much additional cost. For a micro flow system, the porous support may 

be coated onto the capillary walls as an SLPC coating, which also increases the interfacial 

area at which the reaction takes place.  

 

A common issue with the application of homogeneous palladium catalysts is deactivation, 

which occurs by aggregation of coordinated Pd0 into metallic palladium particles[6]. As the 

presence of metallic palladium accelerates this process, preventing the initial aggregation is 

very important. Ligands play an important part in stabilizing the homogeneous palladium 

catalyst, by sterically preventing interaction between palladium atoms. In a flow process, the 

deposition of metallic palladium in the reactor exacerbates the deactivation issue, due to 

accumulation of the catalyst-leaching metallic palladium. As shown by Kappe et al., this 

issue may be prevented by using very low amounts of homogeneous palladium, thereby 

increasing the net activity of the system[45]. Another approach that can be taken is limiting 

the mobility of the palladium atoms, to prevent accumulation. Catalyst retention through a 

SLPC coating could therefore prove effective in eliminating the deactivation as well. 

 

 

Scheme 4.1. Mizoroki-Heck alkylation of iodobenzene over a Pd-based SLPC 

 

Previously, we investigated the use of the SPLC system for the Mizoroki-Heck reaction, 

using a palladium catalyst with polar tri(4,6-dimethyl-3-sulfonatophenyl)phosphine 

trisodium salt (TXPTS) ligands, see Scheme 4.1[46]. For application of the SLPC coating in a 
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flow system, a crucial issue that had to be overcome was the clogging due to precipitation of 

the ammonium salt, which appeared to be insoluble in the reaction mixture. This was 

successfully prevented by adding water to the product flow prior to cooling to room 

temperature, dissolving the salt while it was still liquid. Applying the SLPC coating in flow, 

an initial 21% yield was obtained for the Mizoroki-Heck reaction. However, extended on 

stream operation with this initial system was not possible, due to the catalyst support 

degrading over time.  

 

To overcome this significant drawback, further improvement was necessary. Therefore, the 

aim for the current study was to enable stable operation on stream and to verify the 

effectiveness of the catalyst retention in flow. In addition, further optimization of the SLPC 

system was performed for the Mizoroki-Heck reaction. 

 

4.2 Experimental  

4.2.1 General 

Chemicals were purchased from Sigma Aldrich and VWR. Mesoporous silica was kindly 

provided by W.R. Grace and Co. Ligands were obtained from Strem Chemicals Inc. GC-FID 

analysis was performed off-line on a Varian 430-GC with a flame ionization detector using 

a CP-Sil 8 CB column (length 60 m, diameter 0.25 mm, film thickness 0.1 μm), with helium 

as the carrier gas. Calibration was done for iodobenzene, n-butyl acrylate, triethylamine, and 

n-butyl cinnamate, with n-dodecane as the internal standard. 1H and 13C-NMR spectra were 

recorded on a Varian Mercury 400. Elemental analysis was performed on a Sysmex 

SpectroBlue ICP-OES system. 

 

4.2.2 Preparation of SLPC for batch experiments 

For batch experiments, the SLPC was prepared by dissolving Pd(OAc)2 (0.1 mmol, 22.5 mg) 

and a ligand, typically tris(2,4-dimethyl-5-sulfophenyl)phosphine (TXPTS, 0.5 mmol, 326.5 



Supported Liquid Phase Catalyst coating in flow using ethylene glycol 

71 

 

mg), in water (1.72 mL, degassed with argon for 30 min) in a 15 mL Ace pressure tube. After 

flushing the pressure tube with argon, the pressure tube was sealed and heated to 50 °C for 

90 min while stirring, after which the color of the solution changed to a dark yellow. 

Mesoporous silica (Davicat® SI 1700) was dried in a vacuum oven at 200 °C for 2 h. The 

dry silica (1.0 g) was then loaded into a round bottom flask and the palladium catalyst solution 

was added directly onto the silica. The silica was then thoroughly mixed with the palladium 

catalyst solution. The mixture was left over night, and then dried under vacuum at 40 °C for 

2 h to obtain the dry SLPC. 

 

4.2.3 Use of SLPC in batch for Mizoroki-Heck alkenylation 

In a typical experiment, 50 mg of the dry SLPC was loaded into a 15 mL Ace pressure tube 

containing a magnetic stir bar, and was then re-hydrated by depositing 1.72 mL liquid, 

typically ethylene glycol, onto the dry SLPC (silica pore volume 1.72 mL/g). After mixing, 

the wetted SLPC was left for 15 min to allow for the water to fully hydrate the SLPC. Then 

toluene (2 mL, degassed with argon 30 min), triethylamine (1.5 mmol, 1.5 equiv, 209 μL), 

n-butyl acrylate (1.5 mmol, 1.5 equiv, 215 μL), iodobenzene (1.0 mmol, 112 μL), and n-

dodecane (50 μL, internal standard) were added to the pressure tube in that order. After 

stirring the mixture for 1 min, a reference sample was taken. The pressure tube was flushed 

with argon for 30 s and sealed, then heated using an oil bath while stirring. After 4 h, the 

pressure tube was once again cooled to room temperature and a sample was taken for analysis 

by GC-FID. Isolated yields were determined as well. For re-use of the SLPC catalyst, the 

SLPC was washed three times with 3 mL degassed toluene to remove any remaining product 

mixture.  

 

4.2.4 Preparation of SLPC coating for micro flow experiments 

For the preparation of the SLPC coating, a solution of the palladium catalyst was prepared 

from Pd(OAc)2 and TXPTS in ethylene glycol. This procedure was the same as for the 

preparation of the SLPC for the batch reaction, see above. A steel molsieve 5Å column from 

Agilent Technologies (length 2.0 m, i.d. 0.53 mm, 50 μm coating thickness) was then filled 
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with the catalyst solution. After 30 min under argon atmosphere, excess catalyst solution was 

removed by flushing the impregnated capillary with 5 mL degassed toluene. 

 

4.2.5 Use of SLPC coating in micro flow setup 

A Knauer 1000 HPLC pump was used for the dosing of reaction mixture and water. The 

reaction mixture was passed through the SLPC coated microreactor, which was heated using 

an oil bath. Directly after the SLPC coated microreactor but still in the oil bath, water was 

dosed via a T-piece to dissolve the ammonium salt by-product. This prevented clogging due 

to crystallization of the salt upon cooling to room temperature. The system was kept above 

20 bar pressure with a back pressure regulator. Tubing and connections were made of PEEK 

and, for parts exposed to high temperature, of stainless steel. Samples taken from the organic 

(top) layer were analyzed off-line with GC-FID. 

 

4.3 Results 

4.3.1 SLPC stability 

As previously reported on the application of the SLPC coating in a micro flow system, a 

crucial issue that had to be overcome was the clogging due to precipitation of the ammonium 

salt, which appeared to be insoluble in the reaction mixture[47]. This was successfully 

prevented by adding water to the product flow prior to cooling to room temperature, 

dissolving the salt while it was still liquid. Applying the SLPC coating in flow, an initial 21% 

yield was obtained for the Mizoroki-Heck reaction. At extended times on steam however, it 

was found that the reactor soon became clogged. In batch experiments, extended (re)use of 

the catalyst system was also limited, due to the catalyst support visibly degrading over time 

and becoming unrecoverable. However, to establish a valid system for catalyst retention in 

flow, long-term stability of the SLPC system is critical. Therefore, the origin of the catalyst 

reusability problem had to be investigated. 
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The visible degradation of the silica support suggested that the problem might be in the 

reaction conditions. Indeed, rapid degradation of the SLPC was observed after consecutive 

heating (180 °C) and treatment with triethylamine. It was also observed that heating and 

mechanical stirring by itself did not cause this degradation, so the cause had to be the 

combination of a high pH and heating. As a possible solution, use of a different solvent film 

was considered as the most promising approach. Therefore, several alternative solvent films 

were investigated, see Figure 4.1. 

 

Figure 4.1. Yield obtained with reuse, using water (), ethylene glycol (), propylene glycol 

() and glycerine () as the solvent film for the SLPC in a batch reaction at 180 °C for 4 h 

 

Eliminating the use of water as a solvent proved successful, as the catalyst could be reused 

repeatedly for any of the alternative solvents that were investigated. Slightly better results 

were obtained using ethylene glycol, for which a performance test was successfully extended 

to ten runs. In addition, ethylene glycol also proved more practical than propylene glycol and 

glycerine due to its lower viscosity. Hence, the utilization of ethylene glycol provided to be 

the most suitable solvent for the liquid phase on the SLPC. 
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4.3.2 Performance of SLPC in batch experiments 

Additionally, several alternative ligands for the SLPC were investigated. The performance of 

tris(2,4-dimethyl-5-sulfophenyl)phosphine trisodium salt (TXPDS), 2'-

Dicyclohexylphosphino-2,6-dimethoxy-3-sulfonato-1,1'-biphenyl sodium salt (SPhos-MS) 

and 2'-Dicyclohexylphosphino-2,6-di-i-propyl-4-sulfonato-1,1'-biphenyl sodium salt 

(XPhos-MS), see Figure 4.2, was compared to the TXPTS ligand used thus far. An SLPC 

was prepared for each ligand and tested experimentally at 120 °C and 180 °C. In each case, 

the SLPC was recycled and reused in up to 5 subsequent experiments. 

 

 

 

Figure 4.2. Ligands used for the SLPC catalyst 

 

At 120 °C and using the fresh SLPC, TXPDS performed best with 44% conversion, while 

only 28% conversion was obtained for TXPTS, see Figure 4.3. After recycling and reuse, the 

conversion for TXPDS, SPhos-MS and XPhos-MS increased to almost 60%. While the 

conversion for TXPTS increased as well, it remained just below 50%. At 180 °C as well, the 

performance with fresh SLPC was best for TXPDS with 94% conversion and worst with 

TXPTS with 79% conversion, see Figure 4.4. However, after recycling and reuse, conversion 

increased to over 95% for all ligands similarly. As TXPTS has more sulfonated groups than  
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Figure 4.3. Yield obtained with the ligands TXPTS (), TXPDS (), SPhos-MS () and 

XPhos-MS (), using ethylene glycol as the solvent film for the SLPC in a batch reaction at 

120 °C for 4 h 

 

 

Figure 4.4. Yield obtained for the ligands TXPTS (), TXPDS (), SPhos-MS () and 

XPhos-MS (), using ethylene glycol as the solvent film for the SLPC in a batch reaction at 

180 °C for 4 h 
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the other ligands, it was expected to be the most resistant to leaching when applied in the 

continuous flow system. Since the performance with TXPTS was not clearly worse than the 

other ligands after reuse at 180 °C, it was therefore decided to continue with this ligand. 

 

With the issue of catalyst reusability resolved by using ethylene glycol as the solvent film 

and using the TXPTS ligand, the SLPC system was tested with several other substituted iodo-

aryl substrates besides iodobenzene, see Table 4.1. 1H and 13C NMR and IR spectra of all 

obtained products can be found in the appendix. 

 

Table 4.1. GC-FID yield and isolated yields with iodoaryl substratesa 

 
ano significant byproducts were observed 

 

 

4.3.3 Performance of SLPC coating in micro flow experiments 

In previous work with the SLPC coating in micro flow, a 21% conversion of iodobenzene 

was achieved. While this demonstrated the application in the Mizoroki-Heck reaction, the 

conversion was still rather low. In addition, we did not report on the on stream stability of 

the SLPC coating[46]. For further investigation of this system, first several modifications were 

made to the previously used micro flow setup, see Figure 4.5. Before, a glass capillary had 

been used, which was quite fragile especially under reaction conditions. The glass capillary 

was therefore replaced by a commercially available, pre-coated stainless steel capillary. Also, 

the syringe pumps were replaced by HPLC pumps, to provide better control over the system 
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pressure. Finally, based on the reusability experiments in batch, water was replaced with 

ethylene glycol as solvent film. 

 

 

 

Figure 4.5. Setup for the Mizoroki-Heck reaction in micro flow using a SLPC coating 

 

To create the SLPC coating, the pre-coated stainless steel capillary was impregnated with a 

solution of Pd/TXPTS in ethylene glycol. The first aim was to verify the effectiveness of the 

catalyst retention in flow by investigating the system’s long term stability. This was done by 

monitoring the performance over an extended period of continuous operation, and further 

supported by ICP analysis of the reaction mixture to any detect leached Pd. At conditions 

similar to the batch system, the flow system was left to run for 26 h on stream, see Figure 

4.6. Initially, a decline in activity was observed, but then the system stabilized at 35% 

conversion after several hours on stream. Furthermore, this activity was unchanged when the 

same SLPC coating was reused in a second 24 h experiment, achieving a total of 50 h on 

stream with that SLPC coating. The initial loss of activity that is observed may be explained 

by the loss of excess catalyst that is not sufficiently retained by that SLPC coating. 
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Figure 4.6. On stream performance of a Pd/TXPTS SLPC coating for Mizoroki-Heck reaction 

at 180 °C and a residence time of 6.6 min, in two consecutive runs totaling 50 hours 

 

The observed stability for 50 h on stream suggested that the catalyst was successfully 

retained. This conclusion was also supported by an elemental analysis of the product mixture, 

as no palladium could be observed above the detection limit of 0.4 ppm. Yet, while this 

showed that the catalyst retention was successful, it did not yet confirm the central role of the 

ligand in the retention. To verify this, the capillary with SLPC coating was flushed with air 

and left overnight, as it had been observed that exposure to air lead to oxidation of the TXPTS 

ligand. In a subsequent experiment with the air-exposed capillary, the system became blocked 

with deposited palladium black. This observation confirmed the essential role of the ligand 

for catalyst retention. 
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Figure 4.7. Concentration of iodobenzene versus residence time at 180 °C, fitted to second 

order kinetics (k = 1.73 · 10-3 L mol-1 s-1) 

 

Further experiments were aimed at optimizing the system to achieve higher conversion. 

Initially, this was accomplished by increasing the residence time, achieving 74% stable 

conversion at a residence time of 26 min. Based on the literature[44], the reaction was expected 

to be first order in iodobenzene and n-butyl acrylate. In addition, in the literature no mass 

transfer limitations were observed in batch. As mass transfer in a micro flow system is 

typically improved compared to a similar batch system, no mass transfer limitations were 

expected for the micro flow system either. 

 

A model for the concentration of iodobenzene with respect to residence time was determined, 

see Equation 4.1. The expected concentration of iodobenzene versus residence time was then 

fitted to the experimental results by adjusting the bulk rate constant, k. As observed in Figure 

4.7, the second order overall kinetics fit the data well (R2=0.99995). To confirm the absence 

of any mass transfer limitations, the value obtained for the bulk rate constant was used to 

determine the second Damköhler number, see Equation 4.2. As the obtained value for DaII is 

around 0.03, the rate of diffusive mass transfer outpaces the reaction rate, supporting the 

assumed absence of mass transfer limitations. 
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The flow system was also investigated at higher temperature. In Figure 4.8, the results are 

shown for experiments between 180 and 230 °C, with each data point representing the 

conversion observed after stabilization. Conversion increased gradually with temperature, up 

to 94% at 230 °C. To examine the effect of increased temperature on the stability of the SLPC 

system, the system’s performance at 180 °C was used as a reference point after each 

measurement at elevated temperature. As shown by the second dataset in Figure 4.8, the 

conversion at the reference temperature decreased slightly with temperature up to 220 °C, 

after which the conversion dropped considerably. 

 

 

Figure 4.8. Steady state product yield at temperatures from 180 to 230 °C, for a residence 

time of 26 min (). The second dataset () shows the activity of the catalyst measured at 

180 °C after the measurement at higher temperature 
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Equation 4.1. Kinetic model for the concentration of iodobenzene versus residence time 

r reaction rate  mol L-1 s-1  

k observed bulk reaction rate constant  L mol-1 s-1 

CA concentration iodobenzene  mol L-1 

CB concentration n-butyl acrylate  mol L-1 

CA0 starting concentration iodobenzene 0.50 mol L-1 

b excess of n-butyl acrylate 0.25 mol L-1 

τ residence time  s  

 


A

A

C

C

A

r

dC

0

   design equation PFR 

1)1(
0




bk
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e
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b

b
C   solved for CA 

 

Equation 4.2. Calculation of second Damköhler number to determine mass transfer 

limitations 

k observed bulk reaction rate constant 1.73 · 10-3 L mol-1 s-1 

d radius 0.43 mm 

D diffusion coefficienta 1 · 10-7 m2 s-1 

aEstimated value at 180 °C 

 

𝐷𝑎𝐼𝐼 =
𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒

𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑣𝑒 𝑚𝑎𝑠𝑠 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 𝑟𝑎𝑡𝑒
=

 𝑘𝑟𝑑2

𝐷
 

 

𝐷𝑎𝐼𝐼 ≈ 0.03 
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4.4 Conclusions 

An SLPC coating was successfully applied for the Mizoroki-Heck reaction, with stable 

performance for over fifty hours on stream. The absence of leached Pd in the product 

provided further confirmation of the system’s long term stability. Initial stability issues 

regarding the catalyst support were identified and could be overcome by replacing the water 

film by ethylene glycol. In addition, the use of ligands was found to be vital to ensure stability 

of the SLPC coating. After optimization, a yield of 94% was obtained in flow at 230 °C and 

26 min residence time. Furthermore, the results from the flow system were successfully fitted 

to the kinetic model for the reaction. These results demonstrate the viability of the SLPC 

coating for the Mizoroki-Heck reaction, allowing the organometallic palladium catalyst to be 

retained in the micro flow reactor. 
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Appendix 

The spectral data and a copy of 1H and 13C NMR spectra of all obtained products are listed 

below. 

 

Butyl cinnamate 

 

Colourless oil; FT-IR (film): 2959, 2935, 1710, 1637, 1308, 1166, 978, 766, 684 cm-1; 1H 

NMR (400 MHz, CDCl3):  = 7.66 (d, J = 16.0 Hz, 1H), 7.54 – 7.42 (m, 2H), 7.39 – 7.26 

(m, 3H), 6.42 (d, J = 16.0 Hz, 1H), 4.19 (t, J = 6.7 Hz, 2H), 1.74 – 1.58 (m, 2H), 1.51 – 1.33 

(m, 2H), 0.94 (t, J = 7.4 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ = 167.0, 144.5, 134.5, 

130.2, 128.8, 128.0, 118.3, 64.3, 30.8, 19.2, 13.7; 

 

Butyl 3-(p-tolyl)acrylate  

 

Colourless oil; FT-IR (film): 2959, 2933, 2874, 1709, 1637, 1309, 1162, 982, 812, 496 cm-

1; 1H NMR (400 MHz, CDCl3):  = 7.65 (d, J = 16.0 Hz, 1H), 7.39 (d, J = 8.1 Hz, 2H), 7.15 

(d, J = 7.9 Hz, 2H), 6.38 (d, J = 16.0 Hz, 1H), 4.19 (t, J = 6.7 Hz, 2H), 2.33 (s, 3H), 1.74 – 

1.60 (m, 2H), 1.51 – 1.33 (m, 2H), 0.96 (t, J = 7.4 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 

= 167.2, 144.5, 140.5, 131.7, 129.6, 128.0, 117.1, 64.3, 30.8, 21.4, 19.2, 13.7.   
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Butyl 3-(4-(trifluoromethyl)phenyl)acrylate 

 

Colourless oil; FT-IR (film): 2963, 2937, 2881, 1713, 1643, 1322, 1166, 1124, 1066, 832, 

593 cm-1; 1H NMR (400 MHz, CDCl3):  = 7.61 (d, J = 16.1 Hz, 1H), 7.57 – 7.50 (m, 4H), 

6.44 (d, J = 16.0 Hz, 1H), 4.16 (t, J = 6.7 Hz, 2H), 1.69 – 1.54 (m, 2H), 1.45 – 1.29 (m, 2H), 

0.90 (t, J = 7.4 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ = 166.3, 142.5, 137.8, 131.7, 131.4, 

128.1, 125.7, 120.8, 64.6, 30.7, 19.1, 13.6. 

 

Butyl 3-(3,5-dimethylphenyl) 

 

Yellow oil; FT-IR (film): 2958, 2922, 2873, 1709, 1636, 1252, 1161, 980, 842, 678 cm-1; 1H 

NMR (400 MHz, CDCl3):  = 7.93 – 7.70 (m, 6H), 7.60 (dd, J = 8.6, 1.7 Hz, 1H), 7.50 – 

7.44 (m, 2H), 6.54 (d, J = 16.0 Hz, 1H), 4.26 (t, J = 6.7 Hz, 2H), 1.82 – 1.61 (m, 2H), 1.55 – 

1.38 (m, 2H), 1.00 (t, J = 7.4 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ = 167.2, 144.9, 138.3, 

134.4, 132.00, 125.9, 117.8, 64.3, 30.8, 21.2, 19.2, 13.7. 
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Butyl 3-(4-cyanophenyl)acrylate 

 

Colourless oil; FT-IR (film): 2960, 1710, 1640, 1312, 1171, 981, 829 cm-1; 1H NMR (400 

MHz, CDCl3):  = 7.66 – 7.44 (m, 5H), 6.42 (d, J = 16.1 Hz, 1H), 4.11 (t, J = 6.7 Hz, 2H), 

1.64 – 1.53 (m, 2H), 1.38 – 1.26 (m, 2H), 0.85 (t, J = 7.4 Hz, 3H); 13C NMR (100 MHz, 

CDCl3) δ = 166.1, 142.0, 138.6, 132.5, 128.3, 121.7, 118.2, 113.2, 64.7, 30.6, 19.1, 13.6;  

 

Butyl 3-(4-chlorophenyl)acrylate 

 

Yellow oil; FT-IR (film): 2964, 2931, 2867, 1701, 1637, 1491, 1313, 1172, 1082, 991, 829, 

743 cm-1; 1H NMR (400 MHz, CDCl3):  = 7.53 (d, J = 15.9 Hz, 1H), 7.40 – 7.28 (m, 2H), 

7.28 – 7.20 (m, 2H), 6.31 (d, J = 16.0 Hz, 1H), 4.13 (t, J = 6.7 Hz, 2H), 1.67 – 1.51 (m, 2H), 

1.43 – 1.26 (m, 2H), 0.88 (t, J = 7.4 Hz, 3H); 13C NMR (100 MHz, cdcl3) δ = 166.6, 142.9, 

136.0, 132.9, 129.1, 129.0, 118.8, 64.4, 30.7, 19.2, 13.7; 
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Chapter 5 

Continuous methoxycarbonylation with 

supercritical carbon dioxide 

 

This chapter is based on: 

 

S.C. Stouten, T. Noël, Q. Wang, V. Hessel (2016) Continuous ruthenium-catalyzed 

methoxycarbonylation with supercritical carbon dioxide. Catalysis Science & Technology, 

6, 4712-4717 

5.1 Introduction 

The functionalization of alkenes is a crucial step in the production of bulk chemicals and fine 

chemical products. A functionalization method widely applied by chemical industry is 

carbonylation[1], the introduction of carbon monoxide to an olefin. The carbonylation of an 

olefin can yield several types of products, such as carboxylic acids, aldehydes via 

hydroformylation[2–5], or esters via alkoxycarbonylation[6]. Alkoxycarbonylation is applied 

on an industrial scale for the production of esters that are used in detergents and as 

intermediates for the synthesis of polymers. In the lucite alpha process, for the production of 

methyl methacrylate, the methoxycarbonylation of ethylene is achieved with a palladium-

based catalyst[7], which is by far the most studied metal for alkoxycarbonylation. Yet viable 
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catalysts may also be obtained using other metals, such as nickel, cobalt, platinum, rhodium, 

iridium and ruthenium. 

 

Scheme 5.1. Methoxycarbonylation of alkenes with methanol and carbon dioxide over a 

ruthenium catalyst, as performed by Beller et al.[8] 

 

Recently, Beller et al. successfully applied a ruthenium catalyst in combination with 1-butyl-

3-methylimidazolium chloride ([BMIM]Cl) to achieve alkoxycarbonylation with carbon 

dioxide as the feedstock[8], see Scheme 5.1. Interestingly, this reaction utilizes carbon dioxide 

instead of far more hazardous carbon monoxide, eliminating the issues associated with 

carbon monoxide, such as process safety precautions and difficulties with bulk transportation 

of carbon monoxide[9]. In addition, carbon dioxide can literally be obtained from the air, also 

making the use of carbon dioxide as a feedstock interesting from an environmental 

standpoint. Other alternatives to carbon monoxide have been investigated in the past[10–14], 

but these suffered from either poor atom efficiency or were too costly. To utilize carbon 

dioxide, the challenge that had to be overcome was the activation of the thermodynamically 

stable carbon dioxide molecule[15–18]. Previously investigated methods that utilized carbon 

dioxide could not compete with the use of carbon monoxide for alkoxycarbonylation[19–21]. 

 

The homogeneous ruthenium-based catalyst used by Beller et al. is very robust and less 

expensive than the more common palladium or rhodium-based carbonylation catalysts[8]. 

Typically, a problem with homogeneous catalysts is their sensitive nature, requiring 

precautions to prevent deactivation of the expensive catalyst. Such catalysts are therefore not 

readily applied in a continuous process, as even small amounts of impurities in the feed may 

accumulate in the system over time. However, for the ruthenium/[BMIM]Cl catalyst system, 

no sophisticated ligands were required and continuous flow processing could be applied 

without such issues.  
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In literature, it has been shown that a reaction between Ru3(CO)12 and [BMIM]Cl leads to 

the formation of a Ru-hydride-carbonyl-carbene species, which was found to act as a catalyst 

for the reverse water gas shift/hydroformylation/hydrogenation cascade reaction[22]. For the 

methoxycarbonylation reaction, the proton required for the carbon dioxide activation would 

be provided by methanol instead of hydrogen, while the CO is generated from carbon dioxide 

through a reverse water gas shift reaction[22,23]. Use of carbon dioxide was reported to be 

more efficient than carbon monoxide, with increased carbon monoxide pressure linked to a 

reduced yield of the ester product[8]. This is explained by the fact that carbon monoxide can 

act as a poison for the catalyst, an issue which does not occur when carbon monoxide is 

generated in situ from carbon dioxide via a reverse water gas shift reaction.  

 

What has not yet been investigated for this novel methoxycarbonylation reaction is the effect 

of the carbon dioxide pressure, the application of higher temperatures, or even operating with 

carbon dioxide under supercritical conditions. At the conditions investigated in batch, under 

40 bar carbon dioxide pressure, a two-phase system is present. Consequently, the reaction 

kinetics are limited by the maximum concentration of carbon dioxide and also mass transfer 

limitations may be expected. If the concentration of carbon dioxide is indeed the limiting 

factor, a higher reaction rate may be achieved by increasing the pressure to supercritical 

conditions, leading to the formation of a single phase system and thereby eliminating issues 

with mass transfer and possibly providing a considerable boost to reaction kinetics as 

well[24,25]. 

 

Also interesting is the fact that the ruthenium/[BMIM]Cl catalyst system is very robust, 

making it a good candidate for catalyst immobilization. Such immobilization allows retention 

of the catalyst in the reactor in a similar way as with a heterogeneous catalyst, eliminating 

the need for catalyst recycling. For systems with supercritical carbon dioxide, catalyst 

immobilization has been realized in various ways[25], such as by covalent bonding[26–30], or 

by encapsulation[31,32]. However, a very promising approach is the use of supercritical carbon 

dioxide combined with a supported ionic liquid phase (SILP) catalyst[33–37]. By containing 

the organometallic catalyst to a thin layer of ionic liquid supported on a solid support such as 

silica, the advantages of a homogeneous catalyst are preserved, while allowing the SILP 
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catalyst to be handled like a heterogeneous catalyst. Since both components, supercritical 

carbon dioxide and ionic liquid, are already part of the system, the potential of scCO2/SILP 

methoxycarbonylation system will also be investigated. 

 

The concept of Novel Process Windows, introduced by Hessel (2009)[38], aims to exploit the 

use of micro flow systems for chemical- and process intensification to boost chemical 

productivity by orders of magnitude[39–50]. Owing to the enhanced control and safety of micro 

flow systems, harsh process conditions and unconventional processes are enabled that are not 

normally within the scope of chemical processing as they would be considered unsafe[51–56]. 

In this study a micro flow system will be used to realize the continuous flow 

methoxycarbonylation of cyclohexene with supercritical carbon dioxide, and to utilize these 

conditions to boost the rate of the methoxycarbonylation reaction.  Also, investigated will be 

the potential of catalyst immobilization by a SILP/scCO2 catalyst system. 

 

5.2 Experimental  

5.2.1 General 

 

Chemicals were purchased from Sigma Aldrich and VWR. Carbon dioxide, carbon monoxide 

and hydrogen were obtained from Linde Gas. GC-FID analysis was performed off-line on a 

Varian 430-GC with a flame ionization detector using a CP-Sil 8 CB column (length 60 m, 

diameter 0.25 mm, film thickness 0.1 μm), with helium as the carrier gas. Calibration was 

done for cyclohexene and methyl cyclohexenecarboxylate with n-dodecane as the internal 

standard.  
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5.2.2 General procedure for the methoxycarbonylation reaction in 

continuous flow 

 

A 15 mL pressure tube was charged with Ru3(CO)12 (38 mg, 60 μmol), [BMIM]Cl (1-butyl-

3-methylimidazolium chloride, 2.1 g, 12 mmol) and 10 mL methanol, then heated to 100 °C 

for 1 h while stirring. After cooling the solution to room temperature, cyclohexene (608 μL, 

6 mmol) and dodecane (internal standard, 400 μL) were added, after which methanol was 

added up to a total volume of 20 mL. The reaction mixture was then stirred until a 

homogeneous solution was obtained.  

5.2.3 General procedure for the hydroformylation reaction in 

continuous flow over a SILP catalyst 

 

BMIM TPPMS (1-butyl-3-methylimidazolium triphenylphosphine-3,3′,3′′-trisulfonic acid) 

was prepared by dissolving TPPMS Na (2 H2O) (triphenylphosphine-3,3′,3′′-trisulfonic acid 

trisodium salt, 416 mg, 1.04 mmol) in 10 mL THF followed by dropwise addition of BMIM 

Cl (1-butyl-3-methylimidazolium chloride, 254 mg, 1.46 mg). After overnight stirring, the 

mixture was filtered over silica and washed with 50 mL acetonitrile, then dried in vacuo.   

 

The supported ionic liquid phase (SILP) hydroformylation catalyst was prepared by 

dissolving Rh(acac)(CO)2 (6.0 mg, 23 μmol), BMIM TPPMS (112 mg, 230 μmol) and BMIM 

NTf2 (1-butyl-3-methylimidazolium trifluoromethanesulfonimide, 179 uL) in 6 mL methanol 

and stirring for 1 h. Then dry silica (600 mg) was added and the mixture was stirred for 

another 2 h. Methanol was removed at 35 ºC and under reduced pressure, then dried overnight 

at 100 ºC to obtain the SILP hydroformylation catalyst as a dry powder. For obtaining the 

active catalyst, a packed bed reactor was loaded with 100 mg of the SILP hydroformylation 

catalyst and pretreated overnight in 40 bar 1:1 H2:CO at 100 ºC. 
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The hydroformylation 1-octene was performed in continuous flow using a 1-octene flow rate 

of 5 uL min-1 and a gas flow rate of 4 g h-1. The gas mixture consisted of CO2, CO and H2 in 

a molar ratio of 4 : 1 : 1.5.  

5.2.4 High pressure continuous flow system 

The high pressure continuous flow system used in the experiments is depicted in Figure 5.1 

and Figure 5.2. The system was designed for a maximum working pressure of 300 bar. The 

reactor section was located in an oven with a maximum working temperature of 300 °C and 

could be switched between a stainless steel packed bed (860 μL) or a stainless steel tubular 

reactor (2 or 12 mL). A pressure generator (Sitec), was charged with the desired mixture of 

H2, CO and CO2 through a mass flow controller (Bronkhorst) and pressurized to the desired 

pressure with nitrogen. The pressurized carbon dioxide was then fed to the reactor through a 

second mass flow controller (Cori-flow, Bronkhorst). The liquid reaction mixture was fed to 

the reactor through an HPLC pump (S1050, Knauer), where it combined with the 

supercritical CO2 via a t-piece at reaction conditions. The system pressure was controlled 

with a back pressure regulator (Bronkhorst). Differences in density at operating temperature 

and pressure were taken into account for determining the feed of reaction mixture and CO2, 

to ensure residence times were comparable. Finally, the system was controlled via an 

interface in LabVIEW.  

 

For hydroformylation experiments, the product mixture was sampled using a ROLSITM 

(Rapid Online Sampler-Injector) sampler, from MINES Paris-Tech. The sample was then fed 

directly into a GS-FID for analysis.  

 

For methoxycarbonylation experiments, the presence of ionic liquid in the product mixture 

prevented easy sampling and analysis via the ROLSITM sampler. Therefore, the product 

mixture was collected as a liquid mixture after depressurization and analyzed offline by GS-

FID. To facilitate product sampling and limit the loss of product via the vapor phase, acetone 

was fed into the channel through a second HPLC pump prior to depressurization.
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Figure 5.2. High pressure experimental setup 
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5.3 Discussion 

 

Scheme 5.2. Methoxycarbonylation of cyclohexene with methanol and supercritical carbon 

dioxide as performed in this work 

 

To study reactions under supercritical continuous flow conditions, a high pressure system 

was designed specifically for operating at the pressures required for supercritical carbon 

dioxide. To focus on the reaction rate with this system, cyclohexene was chosen as the alkene 

for the reaction, as it forms only a single product, see Scheme 5.2. Improving the reaction 

rate is desirable, as in the subcritical batch system the reaction required 20 h for a 95% yield. 

It was considered that this could be achieved by increasing the pressure to supercritical 

conditions. Another issue that was encountered for the batch reaction, was a 2 h delay in the 

activation of the catalyst.  

 

To verify if the activation delay also occurred for the supercritical flow system, the 

methoxycarbonylation reaction was initially tested at a residence time of 5 min and 30 min, 

see Figure 5.3. Even for a residence time of only 5 min, product was already observed. 

Although the ester yield was merely 3%, it is still a noteworthy observation, as for the 

subcritical batch system no yield was reported at all during the first 2 h. Apparently, the 

activation delay does not occur in the supercritical flow system. The residence time was then 

increased from 5 min to 30 min by increasing the reactor volume, which further improved 

the yield at 180 °C to 9%. Surprisingly, an increase in yield did not occur at a temperature of 

200 °C, while no yield was observed at all at 160 °C. The yield observed at 180 °C continued 

to increase with time on stream, as can be seen in Figure 5.4. This clearly indicates that the 

system has not yet stabilized, which may also explain the lack of product observed at 160 °C. 

Observed was also that the samples collected at a residence time of 30 minutes were clear, 

while the samples collected at a residence time of 5 min had the yellow color associated with 

the catalyst in solution. Therefore, the stabilization issue appeared to be related to the catalyst. 

Possibly, the slow stabilization of the methoxycarbonylation system is due to the catalyst not  
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Figure 5.3. Product yield at different temperatures and residence times, at 120 bar and a 

methanol to CO2 molar ratio of 1:2 

 

 

Figure 5.4. Change in the product yield with time on stream at 180 °C, 120 bar, 30 min 

residence time and a methanol to CO2 molar ratio of 1:2 
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dissolving well into the supercritical mixture and accumulating in the system. A poor catalyst 

solubility would cause the catalyst to be deposited in the reactor. Potentially, this could mean 

the methoxycarbonylation can be realized as a scCO2/SILP system, eliminating the need for 

catalyst recycling.  

 

In literature, Hintermair et al. achieved good results with the scCO2/SILP system for the 

hydroformylation reaction[33–37]. Therefore, the scCO2/SILP system was first studied in the 

hydroformylation of 1-octene, prior to investigating the application of the scCO2/SILP 

system in the methoxycarbonylation reaction. A stable 35% 1-octene conversion was 

achieved at a temperature of 100 ºC and a pressure of 114 bar, with 100 mg of the SILP 

catalyst. A 84% conversion was also realized, using 200 mg of the SILP catalyst. However, 

considerable pressure drop was found at the increased loading of the packed bed, which 

increased pressure to 190 bar. Even so, in both cases the linear to branched ratio was 3.1, 

which corresponds with results from literature.  

Based on the experience with the hydroformylation scCO2/SILP system, the feasibility of a 

SILP catalyst was tested for the methoxycarbonylation reaction, via two different approaches. 

The first approach was to load the catalyst dissolved in methanol into the tubular flow reactor, 

after which the methanol was removed by slowly heating up the reactor. For the second 

approach, the catalyst was similarly loaded onto microporous silica and used in a packed bed 

reactor. Unfortunately, in both cases when tested on stream at 180 °C, the catalyst was 

quickly leached from the system with a total loss of activity as the result. In addition, the 

observed product yield was very low, less than 1%. Considering the poor results with the 

scCO2/SILP system for methoxycarbonylation, it was decided not to investigate this further 

and instead to focus on improving performance with the homogeneous system. 

 

A 47% ester yield was obtained by increasing the reaction time to 90 minutes by lowering 

the flow rate, see Figure 5.5. To realize even longer reaction times, the system was operated 

in stop-flow, resulting in 84% yield after 5 h and 93% yield after 20 h. In comparison, under 

subcritical batch conditions only 44% yield was reported after 5 h. Since stop-flow conditions 

are comparable to batch operation, these results show that the conditions applied for the 

supercritical system can indeed boost the rate of the methoxycarbonylation reaction. Still,  
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Figure 5.5. Product yield with time on stream at 180 °C, 120 bar and a methanol to CO2 molar 

ratio of 1:2 

 

 

Figure 5.6. Product yield with time on stream at 90 min residence time a methanol to CO2 

molar ratio of 5:2 
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further improvement to the reaction rate is desirable, as well as overcoming the problems 

with the stabilization of the system in flow. 

  

To improve the ester yield, the solubility of the catalyst in the reaction mixture was 

considered. As mentioned, it was assumed that the catalyst was not very well soluble in the 

supercritical mixture. Likely, a poor solubility would negatively impact catalytic activity. 

Therefore, in an attempt to improve catalyst solubility, the methanol to CO2 ratio was 

increased, raising the polarity of the supercritical mixture. This change led to a considerable 

improvement in yield, from 47% to 77%. Also, at these conditions the system was found to 

stabilize after slightly more than one residence time, supporting the hypothesis that the 

stabilization issues occurring in previous experiments had been due to the poor catalyst 

solubility in the supercritical mixture.  

 

The effect of temperature and pressure was subsequently investigated at these flow 

conditions, see Figure 5.6. The best results were found at 180 °C and 120 bar. Increasing the 

temperature beyond 180 °C caused the activity to drop greatly. In addition, at 200 °C the 

pressure drop over the system would increase over time, eventually leading to a blockage in 

the filter placed after the reactor. From these observations, it seems likely that the higher 

temperature causes deactivation of the catalyst. At 160 bar, the results were typically worse 

than at 120 bar. 

 

The best product yield obtained was 77%, at 120 bar, 180 °C and with a residence time of 90 

min. In Figure 5.7, the results in supercritical flow are compared to the subcritical batch 

results reported in literature. Results show that in the supercritical flow system the same yield 

is obtained more than five times faster than in the subcritical batch system. The maximum 

yield obtained for the supercritical flow system does not reach the 95% yield obtained after 

20 h in the subcritical batch system. However, unlike for batch operation, the performance 

of flow systems is not strictly determined by the obtainable yield. To allow the performance 

of flow systems to be compared in a meaningful way, their performance is typically expressed 

in terms of the space time yield: the product formation rate per unit of reactor volume. The 
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Figure 5.7. Comparison in product yield between the subcritical batch reported by Beller et 

al.[8] (40 bar, 160 °C) and the supercritical flow system in this paper (120 bar, 160°C and 180 

°C) 

 

space time yield obtained for methoxycarbonylation in the supercritical continuous flow 

system was calculated as 10 mol h-1 L-1. 

 

5.4 Conclusions 

The methoxycarbonylation of cyclohexene with carbon dioxide over a ruthenium catalyst 

was successfully applied in supercritical micro flow. In addition, in the supercritical flow 

system this yield was obtained over five times faster than in the subcritical batch system. Part 

of this is due to the activation delay experienced for the subcritical batch system, which was 

found not to be present in the supercritical flow system. An important factor for the 

performance of the system was to have a sufficiently polar supercritical mixture, allowing 

the catalyst to dissolve well. Beyond 180 °C, the activity of the system dropped considerably, 

likely due to catalyst deactivation.  
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Catalyst immobilization based on a scCO2/SILP system was successfully realized for the 

hydroformylation of 1-octene. However, for the methoxycarbonylation of cyclohexene this 

approach was thus far unsuccessful, either applied as a wall coating or on a silica support. 

However, the scCO2/SILP methoxycarbonylation system was only attempted at 180 °C and 

120 bar and may still be feasible at other conditions. Notably, the composition of the 

supercritical mixture should be considered, as it strongly affects the solubility of the catalyst. 

While such immobilization is expected to reduce catalytic activity, it will remove the need 

for downstream catalyst separation and lead to a considerable reduction in catalyst 

consumption. The fact that the methoxycarbonylation catalyst was previously shown to be 

very robust makes it a good candidate for immobilization. 
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Chapter 6 

Life cycle assessment of novel 

supercritical methyl propionate process 

with carbon dioxide feedstock 

 

This chapter is based on: 

 

S.C. Stouten, V. Hessel, Q. Wang (2016) Life cycle assessment of novel supercritical methyl 

propionate process with carbon dioxide feedstock. Industrial & Engineering Chemistry 

Research, submitted 

6.1 Introduction 

Carbonylation is an important reaction for the chemical industry and is used to incorporate 

carbon monoxide into an olefin.[1] This allows the synthesis of various types of products, 

such as carboxylic acids, aldehydes via hydroformylation[2–5], or esters via 

alkoxycarbonylation[6]. What all these reactions have in common is the use of the toxic and 

flammable carbon monoxide as a feedstock. Due to its hazardous nature, the use of carbon 

monoxide in the high pressure carbonylation process requires considerable safety 

precautions. For the same reasons, also bulk transportation of carbon monoxide is a critical 

issue[7]. Although various other sources of carbon monoxide have been investigated[8–12], 
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these were found to be either too costly or too inefficient as a feasible alternative. Carbon 

dioxide (CO2) while potentially a very interesting alternative that is freely available, is also 

difficult to activate due to its high thermodynamic stability[13–16]. Previously investigated 

methods that utilized CO2 as a feedstock could not compete with carbon monoxide-based 

processes[17–19].  

 

Scheme 6.1. Methoxycarbonylation of alkenes with methanol and CO2 over a ruthenium 

catalyst, as performed by the group of Beller[20] 

 

Recently, the group of Beller[20] successfully utilized CO2 as a feedstock for a ruthenium-

catalyzed alkoxycarbonylation reaction, see Scheme 6.1. This reaction uses CO2 gas, which 

is inexpensive compared to other, indirect, sources of CO2. In addition, the catalyst is based 

on the less expensive ruthenium, compared to more commonly used and more expensive 

palladium or rhodium based carbonylation catalysts. Finally, the catalyst system is also very 

robust, as it does not depend on the use of sophisticated ligands that are sensitive to 

deactivation by impurities in the feed.  

  

The application of this novel alkoxycarbonylation reaction was further investigated by 

Stouten et al.[21], by performing the methoxycarbonylation of cyclohexene in continuous flow 

under supercritical conditions. The reaction rate was boosted more than five times by 

operating under flow conditions at a pressure of 120 bar and a temperature of 180 °C, 

obtaining a 77% yield with a 90 min residence time. Also investigated was the use of the 

catalyst in a heterogeneous manner, through immobilization on a solid support, as the robust 

nature of the catalyst makes it a promising candidate for such heterogenization. Although the 

immobilization was thus far unsuccessful, the advantages of a heterogeneous catalyst would 

be considerable.   
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In short, the alkoxycarbonylation reaction discovered by the group of Beller is very 

interesting as a potential alternative for industrial carbonylation reactions that utilize carbon 

monoxide as a feedstock. In the Lucite Alpha process, the monomer for poly(methyl 

methacrylate) (PMMA) is produced via the intermediate methyl propionate[22]. Synthesis of 

the methyl propionate is achieved in the first step of the process through the 

hydroesterification of ethylene with methanol and carbon monoxide. As was shown by the 

group of Beller[20], synthesis of methyl propionate is also possible via the novel 

alkoxycarbonylation reaction, simply by replacing the carbon monoxide feedstock with CO2 

and using a more robust and less expensive catalyst. 

 

The purpose of this work is to study how the process based on the novel alkoxycarbonylation 

reaction compares with the industrial state-of-the-art, the Lucite Alpha process. To 

investigate this, a Life Cycle Assessment (LCA) study was done to compare both processes. 

LCA studies assist in the evaluation of processes and their ecological impact and therefore 

are often used tools for decision making in the development of new processes[23–25].  

 

6.2 Experimental 

6.2.1 Process modeling and simulation 

To acquire the inventory data for the LCA study, the first step in the Lucite Alpha process as 

well as the supercritical CO2 process were simulated using the Aspen Plus software. For the 

Lucite Alpha process, process information was acquired from the patent. For the supercritical 

CO2 process, the simulation was based on the literature. 

6.2.2 Thermodynamic models and physical property methods 

To determine the activity coefficients of components in the liquid phase and the vapor-liquid 

equilibria for the Lucite Alpha process, the UNIFAC method with Redlich-Kwong equation 

of state and Henry’s Law were applied. For the supercritical CO2 process however, the 
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predictive Redlich-Kwong-Soave equation of state was used, to allow modeling of the 

supercritical conditions.  

6.2.3 Methyl propionate synthesis in the Lucite Alpha process 

The simulation of the Lucite Alpha process was based on the process information available 

from the patent. The process flow sheet for the simulation is shown in Figure 6.1. Ethylene 

and carbon monoxide gas feeds are compressed to a pressure of 40 bar. During compression, 

the gas feeds need to be cooled to prevent the temperature from exceeding 200 °C. Methanol 

is also pressurized to 40 bar, using a liquid pump. The reactor is a continuously stirred tank 

reactor (CSTR) operated at 100 °C and 40 bar, in which gas-liquid contact is maximized 

through agitation of the reaction mixture and gas re-circulation. The reaction is exothermic, 

with the stoichiometry shown in Scheme 6.2. The heat production by the exothermic reaction 

will require cooling of the reactor. 

 

Scheme 6.2. Methyl propionate synthesis in the Lucite Alpha process 

 

The output of the reactor is a solution of methyl propionate and methanol in which the catalyst 

is dissolved, with most of the gaseous components remaining in the reactor. Subsequently, 

the solution is decompressed to atmospheric pressure and partially evaporated by a flash unit 

at 64 °C. The solution that remains is returned to the reactor to allow the catalyst to be 

recycled. The part of the solution that was evaporated, a mixture of methyl propionate and 

methanol, is then fed to a distillation column.  

 

The distillation column was simulated in Aspen Plus using a RadFrac unit, with 80 

equilibrium stages, a reflux ratio of 1.5 and operating at atmospheric pressure. The feed enters 

at stage 10. A 95% (m/m) solution of methyl propionate is obtained as the bottom product, 

at 79 °C. As methyl propionate and methanol form an azeotrope at approximately 45% 

methanol and 55% methyl propionate, a mixture of both components is recovered as the top 

product at 52 °C and recycled.
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6.2.4 Methyl propionate synthesis in the supercritical CO2 process 

The supercritical CO2 process simulation, see Figure 6.2, was based on the literature in which 

the CO2-based methoxycarbonylation reaction was first performed under batch conditions[20], 

as well as on further study of the reaction under continuous supercritical conditions[21]. 

Ethylene and CO2 gas feeds are compressed to a pressure of 120 bar. During compression, 

the gas feeds need to be cooled to prevent the temperature from exceeding 200 °C. Methanol 

is also pressurized to 120 bar, using a liquid pump. The reactor is a continuous flow reactor 

operated at 180 °C and 120 bar. Since the reactor operates at supercritical conditions, no gas-

liquid phase separation exists. The reaction is exothermic, with the stoichiometry shown in 

Scheme 6.3. The heat production by the exothermic reaction will require cooling of the 

reactor. 

 

Scheme 6.3. Methyl propionate synthesis in the supercritical CO2 process 

 

The output of the reactor is a supercritical mixture of methyl propionate, methanol and carbon 

dioxide in which the catalyst is dissolved, with most of the gaseous components remaining 

in the reactor. Subsequently, the solution is decompressed to 50 bar pressure at 50 °C. At 

these conditions, the solubility of the catalyst is poor, allowing it to be recovered and 

recycled. The product mixture is then passed through an absorption column, to remove water 

that was produced as part of the methoxycarbonylation reaction. The product mixture is then 

partially evaporated in a flash unit at 183 °C and 50 bar, to recover part of the CO2 before 

decompression to atmospheric pressure and purification in a distillation column.  

 

The distillation column was simulated in Aspen Plus using a RadFrac unit, with 80 

equilibrium stages, a reflux ratio of 1.3 and operating at atmospheric pressure. The feed enters 

at stage 10. Almost pure methyl propionate is obtained as the bottom product, at 78 °C. As 

methyl propionate and methanol form an azeotrope at approximately 45% methanol and 55% 
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methyl propionate, a mixture of both components and remaining gases is recovered as the 

top product at 30 °C and recycled. 

 

In addition to the supercritical CO2 process operating at 120 bar, the process was also 

simulated operating at 80 bar. In literature, experimental results show a reduction in 

performance going from 120 bar to 160 bar. Conversely, a further reduction in pressure from 

120 bar to 80 bar may be feasible, possibly even increasing performance. Reducing pressure 

below 80 bar was not considered beneficial, as the supercritical conditions, deemed essential 

for performance, would be lost. Compared to the process at 120 bar, only the initial 

pressurization of gas- and liquid feed and the reactor pressure had to be lowered. After the 

reactor, the gas is depressurized to 50 bar in either case. 

 

6.3 Results and discussion 

6.3.1 Global Warming Potential 

The global warming potential (GWP) is one of the most popular life cycle impact categories, 

reflecting the process’ total emission in carbon dioxide equivalent (CO2-eq). The total CO2-eq 

emission as well as the contribution factors for three studied process for MP synthesis are 

shown in Figure 6.3. The negative CO2-eq emission in case of the supercritical CO2 processes 

represents the consumption of CO2 for each functional unit of methyl propionate that is 

produced, taking into account the stoichiometry of 2 mol CO2 for 3 mol methyl propionate. 

The contribution from CO as the raw material in Lucite Alpha process is quite obvious and 

is responsible for almost 30% for the total CO2-eq emission, see normalized GWP in Figure 

6.4. Comparing the Lucite Alpha process with the supercritical CO2 process, the replacement 

of the CO feedstock with CO2 changes a large positive CO2-eq contribution to a large negative 

CO2-eq contribution. As such, it is immediately clear from the GWP results that a large 

reduction in CO2-eq emission is achieved simply from switching to the new 

methoxycarbonylation reaction with CO2 as a feedstock.  
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Aside from the effect from switching to methoxycarbonylation with CO2, the absolute 

contribution from the energy (cooling energy), utility (steam) as well as the common raw 

materials (ethylene) for these two reaction system are much lower for the supercritical CO2 

process when compared to the Lucite Alpha process. As such, the impact from these three 

factors for the supercritical CO2 process is also lower, see Figure 6.4. Furthermore, since 

steam consumption reflects the heating energy (see the process simulation section), we can 

also conclude that the total energy consumption of the newly designed supercritical CO2 

process is much lower than the existing process. The main reason for this reduction in energy 

consumption is the switch to supercritical conditions, creating a single phase system and thus 

eliminating mass transfer limitations inherent to a gas-liquid reaction. For the Lucite Alpha 

process, the biphasic system requires the reactor design to be aimed at maximizing the 

interfacial area between gas and liquid phases to boost mass transfer. However, this places 

considerable operational limits on the reactor, lowering the maximum conversion at which 

the process can be operated. Lower conversion translates to less effective downstream 

recovery of the product. The low energy consumption of supercritical CO2 process is the 

second obvious advantage compared to the exist Lucite Alpha process.   

 

The absolute contribution from electricity consumption and methanol consumption are quite 

similar in all processes. So the high pressure system of supercritical CO2 process doesn’t 

necessarily increase the demands of power consumption caused by pumps/compressors. 

According to the stoichiometry of these two reaction systems, the methanol consumption of 

the Lucite Alpha process is 75% that of the supercritical CO2 process. As such, the Lucite 

Alpha process consumes less methanol per functional unit of methyl propionate produced.  

 

Surprisingly, the difference between high pressure and low pressure supercritical CO2 

process is not that obvious, even though a higher energy consumption would be expected 

from operating at higher pressure. However, it can be calculated that very little additional 

work needs to be done by the compressor when increasing pressure from 80 to 120 bar. The 

required work can be found to scale roughly with ln(V2/V1), meaning it scales logarithmically 

with the compression ratio. And while the compression ratio from 1 to 80 bar is 80, the 

compression ratio from 80 to 120 bar is only 1.5. 
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Figure 6.3. GWP expressed as the CO2-eq emission for each process, by source category 

 

 

Figure 6.4. Normalized GWP for each process, by source category 

 

Finally, the absolute CO2-eq emission for either supercritical CO2 process is only around 12% 

of that for the Lucite Alpha process.  

6.3.2 Life cycle impact assessment for the Lucite Alpha process 

In addition to the GWP, another eight life cycle impact categories were analyzed for the 

Lucite Alpha and supercritical CO2 processes; acidification potential (AP), eutrophication 

potential (EP), fresh-water aquatic ecotoxicity potential (FAETP), human toxicity potential 



LCA of novel supercritical methyl propionate process with carbon dioxide feedstock 

129 

 

(HTP), Land Use, marine aquatic ecotoxicity potential (MAETP), ozone depletion potential 

(ODP) and cumulative energy demand (CED). The normalized quantitative results for the 

Lucite Alpha process are shown in Figure 6.5. The consumption of CO is an obvious 

contribution to most of the impact categories except for Land Use. Among these eight impact 

categories, the contribution of CO feedstock use to GWP is the lowest, which means the use 

of CO has higher influence to the other impact categories than GWP. The normalized Land 

Use is dominated by methanol, accounting for almost 99%. Methanol contributes stronger to 

the other seven impact categories than to GWP, except in the case of CED. Ethylene plays 

the second most important role in GWP, with a similar contribution to AP and EP and a 

higher contribution to CED. Conversely, ethylene contributes relatively little to FAETP, 

HTP, Land Use, MAETP and ODP. The contribution from the cooling energy consumption 

to HTP and ODP is more obvious than that to GWP, while the contribution from the steam 

consumption to only ODP is higher than that to GWP. Finally, the electricity consumption 

has a higher contribution to FAETP and MAETP than that to GWP. 

6.3.3 Life cycle impact assessment for the supercritical CO2 process  

For the supercritical CO2 process at high operating pressure, the normalized quantitative 

information is strongly altered due to the change from CO to CO2 as a feedstock, Figure 6.6. 

The most dominating factor changes from CO consumption to either ethylene for AP, GWP, 

CED or methanol for all the other impact categories. Yet steam, electricity and cooling energy 

follow roughly the same trend as for the Lucite Alpha process. For the supercritical CO2 

process at low operating pressure the behavior is similar, so it is not shown separately. 

6.3.4 Human toxicity potential and cumulative energy demand 

Methanol and ethylene contribute very differently to the HTP and CED, as can be observed 

from Figure 6.7 and Figure 6.8. Methanol contributes strongly to the HTP, even dominating 

in the case of the supercritical CO2 process. However, methanol’s contribution to the CED is 

only minimal. Ethylene, in contrast, is the dominating contribution for the CED, but barely 

contributes to the HTP at all. Cooling energy contributes considerably less, although more to 

the HTP than to the CED. Immediately clear is that both the HTP and CED are reduced 

significantly by switching to the supercritical CO2 process, due to the high impact of CO as 
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a feedstock. Further reducing the HTP and CED is difficult, since the main contributors, 

methanol and ethylene, are essential feedstocks.  

 

 

Figure 6.5. Normalized life cycle impact factors of Lucite Alpha process: 1. AP, 2. GWP, 3. 

EP, 4. FAETP, 5. HTP, 6. Land Use, 7. MAETP, 8. ODP, 9. CED 

 

 

Figure 6.6. Normalized life cycle impact factors of the supercritical CO2 process at high 

pressure: 1. AP, 2. GWP, 3. EP, 4. FAETP, 5. HTP, 6. Land Use, 7. MAETP, 8. ODP, 9. 

CED 
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Figure 6.7. HTP in 1,4-dichlorobenzene(DCB)-Eq for each process 

 

 

Figure 6.8. CED in MJ-Eq for each process 

 

Overall, changing from the Lucite Alpha process to the supercritical CO2 process results in a 

sharp decrease for all the life cycle impact categories studied, see Figure 6.9. The GWP and 

ODP especially, decrease to only 20% of their previous value. All other impact categories 

except for Land Use decrease to around 40%. The substitution of CO by CO2 accounts for 

most of these changes and is the main reason that the supercritical CO2 process performs so 

much better. Because, not only is the CO feedstock a strong contributor to many impact 

categories, use of CO2 can actually reduce the impact in some cases. 
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Figure 6.9. Comparison of all three processes. 1. AP, 2. GWP, 3. EP, 4. FAETP, 5. HTP, 6. 

Land Use, 7. MAETP, 8. ODP, 9. CED 

 

6.4 Conclusions 

Methyl propionate production by the existing state-of-the-art process, the Lucite Alpha 

process, was compared to methyl propionate production by a novel supercritical CO2 process. 

Both processes were simulated using Aspen Plus software based on information from 

literature, and compared via a Life Cycle Assessment involving eight different impact 

categories. On all impact categories except Land Use, the supercritical CO2 process was 

found to have a strongly reduced impact. For the GWP and ODP in particular, the impact 

was reduced to only 20% of its value in the Lucite Alpha process. The strongest contributor 

to this impact reduction was found to be the use of CO2 feedstock over CO, its effect often 

far outweighing any other differences between the processes. The supercritical conditions are 

also expected to improve efficiency, by eliminating mass transfer limitations, allowing 

operation under intensified conditions and removing the need for vigorous mixing using a 

continuously stirred tank reactor. Finally, although the supercritical CO2 process operates at 

higher pressure, this was found to have minimal effect on electricity use for compression. 

Operating the supercritical CO2 process at 80 bar instead of 120 bar was found to have 
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minimum effect on all impact categories. In short, the supercritical CO2 process is a very 

interesting alternative to the existing Lucite Alpha process. Still, to realize the supercritical 

CO2 process on an industrial scale, further study will be necessary. 
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Chapter 7 

Conclusions and outlook 

7.1 Conclusions 

The purpose of this thesis has been to investigate the benefits of innovative microfluidics 

(tailored solvents) and other reaction conditions for continuous flow processes with focus on 

the entrapment of homogeneous catalysts. The innovative use of conventional solvents was 

studied by application of a supported liquid phase catalyst (SLPC) coating for the Mizoroki-

Heck reaction. The use of innovative solvents was studied by application of supercritical 

reaction conditions for a novel methoxycarbonylation reaction with CO2 as a reactant. 

 

As demonstrated in the second chapter, the Mizoroki-Heck reaction can be successfully 

applied in continuous flow to allow synthesis of fluorinated compounds from iodobenzene 

and 1H,1H,2H-perfluorohexene. A 74% yield of product was obtained in 20 min at 130 °C, 

using a palladium catalyst with t-BuXPhos as a ligand, DiPEA as a base and DMF as a 

solvent. The use of the gaseous substrate 3,3,3-trifluoropropene to demonstrate the benefits 

of improved mass transfer in micro flow was not successful however, as 3,3,3-

trifluoropropene caused rapid deactivation of the catalyst. Ironically, deactivation occurred 

at an accelerated rate in the flow system due to the improved transfer of 3,3,3-

trifluoropropene from the gas phase to the liquid phase, compared to the batch system.  

 

In continuous flow, reactions such as the Mizoroki-Heck reaction that utilize a catalyst with 

homogeneous mechanism require a means of catalyst recovery. While this can be achieved 
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by separation and recycling of the catalyst afterwards, an interesting alternative is the 

retention of the catalyst inside the reactor. The challenge is to capture the catalyst without 

interfering with its function however. An SLPC therefore contains the catalyst inside a liquid 

coated on a porous support. In the third chapter, the use of an SLPC applied as a reactor 

coating was investigated as a means of catalyst retention for a continuous micro flow system. 

A 21% yield was obtained for the reaction of iodobenzene with butyl acrylate for 2.9 min at 

175 °C, using triethylamine as a base and toluene as the solvent. The SLPC was a palladium 

catalyst with a TXPTS as the ligand, supported in water on a microporous silica coating. 

Limitations were the degradation of the silica support, particularly noticeable in batch 

experiments, and blockages in the micro flow system due to salt formation. 

 

The aim of chapter four was to realize a stable flow system with the SLPC coating, by 

overcoming the limitations encountered previously. In batch experiments, the cause of the 

silica degradation was found to be the water used as the liquid support and could be overcome 

by using ethylene glycol instead. In continuous flow, the issues with salt formation and 

precipitation could be overcome by mixing the product solution with water prior to cooling 

to room temperature. Stable performance of the system was observed for fifty hours on 

stream. In addition, no traces of leached palladium were found in the product. After 

optimization, a 94% yield was obtained at 230 °C and with 26 min residence time. 

 

In chapter five, a recently discovered methoxycarbonylation reaction with CO2 as feedstock 

was investigated under supercritical continuous flow conditions. In literature, promising 

results have been obtained for this reaction, which provides the first competitive method of 

utilizing CO2 as a feedstock. Key to the success of this approach is the use of a homogeneous 

ruthenium catalyst in combination with an ionic liquid as ligand, a catalyst system that is also 

very robust and less expensive than many typical catalysts. It was expected that the gas-liquid 

batch system used in literature could be further improved upon by utilizing supercritical 

continuous flow conditions. Indeed, in the new supercritical continuous flow system the 

reaction rate was found to be over five times higher, operating at 120 bar and at 180 °C. An 

important factor was to have a sufficiently polar supercritical mixture to allow the catalyst to 
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dissolve well, which was achieved by increasing the amount of methanol. Beyond 180 °C, 

the activity of the system dropped considerably, likely due to catalyst deactivation.  

 

A variation on the SLPC system that has been successfully applied in literature is the 

Supported Ionic Liquid Phase (SILP) catalyst, which utilizes an ionic liquid as liquid support 

for the catalyst. The SILP catalyst system works particularly well together with supercritical 

CO2; the solubility of supercritical CO2 in the ionic liquid is high, whereas the ionic liquid 

will not dissolve into the supercritical CO2. In literature, this system has been successfully 

used for hydroformylation. To test the supercritical CO2/SILP system, several experiments 

were done with the hydroformylation of 1-octene over an SILP catalyst with supercritical 

CO2, obtaining similar results that confirmed the effectiveness of this approach for the 

hydroformylation reaction. However, the supercritical CO2/SILP catalyst system was not 

well suited for the novel methoxycarbonylation, as the methanol used in the reaction causes 

leaching of the SILP catalyst and rapid loss of catalyst activity. 

 

Finally, in chapter six, the application of the methoxycarbonylation reaction was investigated 

for the synthesis of methyl propionate and compared to the industrial state-of-the-art the 

Lucite Alpha process developed by Lucite International. Both processes were simulated in 

Aspen Plus based on information from literature, and compared via a Life Cycle Assessment 

study involving eight different impact categories. The novel supercritical 

methoxycarbonylation far outperformed the Lucite Alpha process on all categories except 

Land Use. An ecological impact reduction by as much as 80% was found for both the Global 

Warming Potential and the Ozone Depletion Potential. The main reason for these impact 

reductions is the use of CO2 feedstock in the methoxycarbonylation process, compared to the 

use of CO feedstock for the Lucite Alpha process. Further benefits of the 

methoxycarbonylation process are the supercritical conditions, which improve mass transfer 

and allow operation under intensified conditions that no longer require vigorous mixing in a 

continuously stirred tank reactor. While the methoxycarbonylation process operates at higher 

pressure, this was found to have a minimal impact on energy use. 
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7.2 Outlook 

The flow system utilizing an SLPC coating applied in the Mizoroki-Heck reaction showed 

stable performance over 50 h on stream, with high conversion to the desired product. To 

broaden the application of this system, the use of other reactants and synthesis of different 

product should be investigated. Furthermore, the SLPC coating itself could be studied, to 

identify possible limitations leading to further improvements. Modern NMR (PASADENA) 

and FTIR techniques, for example, give detailed insight into the location of reaction species 

within an SPLC film, their mobility/mass transfer, and solvent/surface interactions (NMR: 

Q. Gong, J. Klankermayer, B. Blümich, Chem. Eur. J. 17 (2011) 13789; FTIR: U. Hintermair, 

G. Franciò, W. Leitner, Chem. Eur. J., 19 (2013) 4538-4547). Instead of using the current 

biphasic system with toluene/ethylene glycol, the use of a supercritical CO2/ionic liquid 

system could be considered. Changing to a supercritical CO2/SILP system will likely enhance 

mass transfer considerably. However, the use of high pressure that this will require will need 

to be offset with even higher gains in operating performance. 

 

The novel methoxycarbonylation process using CO2 feedstock is promising and may be 

competitive with current industrial state-of-the art processes. However, further research into 

the feasibility of this process will be necessary. Firstly, continuous flow experiments will 

need to be done to provide more detailed data on the performance for methyl propionate 

synthesis under the conditions that can be applied in an industrial process. Secondly, while 

the LCA study shows a favorable comparison with existing industrial production of methyl 

propionate, this study was aimed at ecological impact and not economic feasibility. While 

there is some overlap, for example on energy costs, a more in depth analysis on economic 

performance is required. 

 

Use of a supercritical CO2/SILP catalyst system remains very interesting, although so far the 

application of this approach in the novel methoxycarbonylation process was not successful 

yet. Further investigation of this catalyst retention system may achieve better process stability 

and lead to a viable system. Key parameters to investigate would be the composition of the 

reaction mixture and the solubility of the ionic liquid. 
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