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In de afgelopen tientallen jaren heeft de chemische industrie conventionele

technologieën geoptimaliseerd om te voldoen aan de toenemende milieueisen. Deze

traditionele technologieën zijn waarschijnlijk onvoldoende geschikt om aan

toekomstige milieueisen te voldoen en er is in de chemische industrie dus behoefte

aan vooruitstrevende en vernieuwende concepten. Micellaire katalyse is zo'n

concept.

In micellaire katalyse worden reacties gekatalyseerd door homogene,

apolaire katalysatoren die zich in een micellaire oplossing bevinden. Op deze

manier worden organische oplosmiddelen vermeden, worden polaire en apolaire

reactanten op moleculaire schaal met elkaar in contact gebracht, en kan de

katalysator met behulp van ultrafiltratie teruggewonnen worden. Tevens dragen de

hoge warmtecapaciteit en de onbrandbaarheid van water bij aan een veilige

procesvoering. Verder is bekend dat een georganiseerd medium, zoals de micel, de

katalysatorprestatie aanmerkelijk kan beïnvloeden. Het doel van dit

promotieonderzoek is het ontwerp van een propeenoxideproces, gebaseerd op

micellaire katalyse. Hiervoor zijn mangaanporfyrines de aangewezen katalysatoren.

Mangaanporfyrines zijn met succes opgelost in niet-ionische, anionische

en kationische micellen. De porfyrines lossen moeiteloos op in de niet-ionische

micellen, maar de porfyrineopname in ionische micellen is minder gemakkelijk.

Dit wordt toegeschreven aan de kleinere afmetingen van de ionische micellen.

Tevens lossen grote katalysatoren slechter op dan kleine, wat erop wijst dat een

mangaanporfyrine in de micel moet passen om goed op te lossen. Per micel is

slechts één mangaanporfyrine aanwezig en typisch 20 - 50 Triton X-100

surfactantmoleculen zijn nodig om één katalysatormolecuul op te lossen. Tenslotte

is aangetoond dat de in micellen opgenomen katalysatoren volledig kunnen worden
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teruggewonnen middels ultrafiltratie, hetgeen een aanzet kan geven tot de

industriële toepassing van homogene katalyse.

De locatie en de micro-omgeving de katalysator in de micel is onderzocht

met respectievelijk 1H NMR metingen en met een nieuwe UV-vis methode. De

mangaanporfyrines bevinden zich in de palissadelaag van Triton X-100 micellen

en de porfyrinepolariteit bepaalt de exacte plaats in deze laag. In ionische micellen

bevindt de Mn(TDCPP)Cl katalysator zich in de micelkern. De locatie van

porfyrinekatalysatoren in de micellen kan dus worden veranderd door de

porfyrinepolariteit of het surfactanttype aan te passen.

In Triton X-100 micellen zijn de Mn(TDCPP)Cl en Mn(TDCPPS4)Cl

katalysatoren volledig stabiel onder oxidatieve condities. De stabiliteit van minder

stabiele porfyrines wordt aanzienlijk vergroot door ze in de Triton X-100 micellen

op te lossen, wat toegeschreven kan worden aan de aanwezigheid van slechts één

porfyrine per micel. De stabiliteit wordt verder vergroot door de katalysator op te

lossen in anionische SDS micellen, hetgeen toe te schrijven is aan de

elektrostatische afstoting tussen deze micellen. In NaDEHP vesicles is Mn(TPP)Cl

volledig stabiel, wat waarschijnlijk het resultaat is van elektrostatische afstoting en

de starheid van de vesicles. Dit resultaat laat duidelijk de mogelijkheden zien van

surfactantoplossingen voor stabilisatie van homogene katalysatoren.

De katalytisch actieve micellen zijn gebruikt voor de epoxidatie van

propeen en 1-octeen met waterstofperoxide. 7 mangaanporfyrines, 12

cokatalysatoren, 10 surfactanten en 3 oxidatoren zijn onderzocht. De

Mn(TDCPP)Cl katalysator heeft de grootste activiteit en stabiliteit. Imidazool is de

beste cokatalysator. In niet-ionische surfactantoplossingen daalt de pH tijdens de

reactie, hetgeen te wijten is aan de oxidatie van de surfactant. Voor deze

surfactantoplossingen is niettemin een uitstekende katalysatoractiviteit en -

stabiliteit waargenomen. Ionische surfactantsystemen veroorzaken

katalysatordegradatie, welke het sterkst is voor kationische CTAB micellen. Voor



anionische surfactanten is de pH daling minder drastisch en in het bijzonder met

NaDEHP vesicles zijn veelbelovende resultaten behaald.

De reactiekinetiek is bepaald voor de epoxidatie van 1-octeen in Triton X-

100 micellen en NaDEHP vesicles. Hierbij zijn respectievelijk Mn(TDCPP)Cl,

imidazool en waterstofperoxide gebruikt als katalysator, cokatalysator en oxidator.

Voor zowel micellen als vesicles is de reactie eerste orde in katalysatorconcentratie

en nulde tot eerste orde in de 1-octeenconcentratie. In de micellen is de reactie

eerste orde in de waterstofperoxideconcentratie, terwijl deze orde tussen nul en één

is in de vesicles. De snelheidsbepalende stap is de vorming van de geactiveerde

katalysator, welke zowel 1-octeen als de surfactant kan oxideren. Tevens is de

invloed van surfactantconcentratie, cokatalysatorconcentratie, pH en temperatuur

op de katalysatorprestatie onderzocht.

Voor de epoxidatie van propeen met waterstofperoxide in waterige

surfactantoplossingen is een procesontwerp gemaakt. Uit een vergelijking van de

reactiesnelheid en de stofoverdrachtsnelheid volgt dat een reactor met een relatief

lage mengintensiteit en een grote vloeistof hold-up het meest efficiënt is. Vanwege

de hoge reactie-enthalpie is de warmteafvoer in de reactor belangrijk en dient de

reactor dus een relatief grote oppervlak-over-volume ratio te bezitten. Daarom is

gekozen voor een buisvormige reactor. Vervolgens is het conceptueel

procesontwerp geïmplementeerd in Aspen Plus en zijn de apparaten

gedimensioneerd. De economische evaluatie laat zien dat de waterstofperoxideprijs

de propeenoxidekostprijs domineert. De kapitaalinvesteringen bedragen 24.1

miljoen USD en de propeenoxidekostprijs is 845 USD/T, hetgeen relatief laag is

vergeleken met de huidige propeenoxidekostprijs van 1411 USD/T. Onder de

gemaakte aannames lijkt een propeenoxideproces gebaseerd op micellaire katalyse

economisch haalbaar.





The last decades the chemical industry has been optimizing conventional

technologies to meet the growing environmental demands. However, these

technologies are expected to be too limited to meet future requirements and there is

a need for other concepts. Micellar catalysis is such a concept.

In micellar catalysis, homogeneous catalysts are incorporated in micelles to

perform reactions. By using micellar systems, the use of organic solvents is

circumvented, hydrophobic and hydrophilic reactants can be brought into close

contact and the micelle-incorporated catalyst can be recovered by micellar-

enhanced ultrafiltration. Due to its large heat capacity and non-flammable

character, water allows for safe process operation. Additionally, an organized

medium is known to significantly affect reactivity, stability and selectivity of many

catalysts. The scope of this project is to design a propylene oxide process, based on

the concept of micellar catalysis. For this purpose, manganese porphyrins have

been identified as the preferred catalysts.

Manganese porphyrins have successfully been solubilized in nonionic,

anionic and cationic micelles. The porphyrins are readily solubilized in nonionic

micelles, but in ionic micelles porphyrin incorporation is less straightforward. This

is attributed to the smaller size of these micelles. Bulky porphyrins solubilize to a

lesser extent than smaller ones, indicating that for successful incorporation the

manganese porphyrin should fit inside the micelle. The porphyrins are solubilized

as monomers in Triton X-100 micelles and typically 20 - 50 Triton X-100

surfactant molecules are required to solubilize one single manganese porphyrin.

Finally, it is demonstrated that micelle-incorporated porphyrins can be completely

recovered by ultrafiltration, which allows for the industrial application of

homogeneous catalysis.

Summary



The location and micro-environment of micelle-incorporated manganese

porphyrins have been studied by 1H-NMR T1 measurements and a novel UV-vis

method, respectively. In Triton X-100 micelles the porphyrins are located in the

palisade layer, in which porphyrin polarity governs its location. In ionic surfactant

micelles the Mn(TDCPP)Cl porphyrin is located in the hydrophobic core. From

these results it can be concluded that the location of porphyrin catalysts within the

micelles can be tuned by changing substituents on the porphyrin macrocycle or by

changing the surfactant type.

Under oxidative conditions Mn(TDCPP)Cl and Mn(TDCPPS4)Cl show

complete stability in Triton X-100 micelles. The stability of less stable porphyrins

is significantly enhanced upon incorporation in the Triton X-100 micelles, which is

attributed to porphyrin monomerization by the micelles. The Mn(TPP)Cl stability

is further improved by solubilization in SDS micelles, which is caused by

electrostatic repulsion between the ionic micelles. Mn(TPP)Cl is completely stable

after incorporation in NaDEHP vesicles, which is most likely the result of both

electrostatic repulsion and vesicle rigidity. This promising result clearly illustrates

the potential of surfactant solutions to stabilize homogeneous (ep)oxidation

catalysts.

The micelle-incorporated manganese porphyrins have been used to

epoxidize propylene and 1-octene by hydrogen peroxide. To determine the most

effective reaction system, 7 manganese porphyrins, 12 cocatalysts, 10 surfactants

and 3 oxidizing agents have been used. The Mn(TDCPP)Cl catalyst exhibits the

best stability and the best cocatalytic activity has been observed for imidazole. In

nonionic surfactant solutions the pH drops during reaction, which is attributed to

surfactant degradation. For these nonionic surfactant solutions excellent catalyst

activity and stability have been observed. Ionic surfactant systems induce some

catalyst degradation, which is the most severe for cationic CTAB micelles. For the

anionic systems the pH drop is less, and especially the vesicle-forming NaDEHP

surfactant shows promising behavior.



Reaction kinetics have been determined for 1-octene epoxidation catalyzed

by Mn(TDCPP)Cl incorporated in Triton X-100 micelles and in NaDEHP vesicles.

Hydrogen peroxide and imidazole have been used as oxidizing agent and

cocatalyst, respectively. For both micelles and vesicles the reaction is first order in

catalyst concentration and zero to first order in 1-octene concentration. In Triton X-

100 micelles, the reaction is first order in hydrogen peroxide, while in NaDEHP

vesicles the reaction order in hydrogen peroxide is between zero and one. Catalyst

activation is the rate-determining step and surfactant and olefin both compete for

the activated catalyst. Furthermore, the effect of surfactant concentration,

cocatalyst-to-catalyst ratio, pH and temperature on catalyst performance has been

studied.

Finally, a process design is presented for propylene epoxidation by

hydrogen peroxide catalyzed by a micelle-incorporated homogeneous catalyst. A

comparison of reaction rate and mass transfer rate demonstrates that an efficient

reactor should have a moderate mixing intensity and a large liquid hold-up. Since

the heat of reaction is high, heat removal is crucial and a reactor with a relatively

high (heat transfer) area over volume ratio is required. In this respect, a tubular

reactor is preferred. A conceptual process design has been implemented in Aspen

Plus and the equipment has been sized. Process economics demonstrate that the

hydrogen peroxide cost price dominates propylene oxide production costs. Capital

investment costs amount to 24.1 million USD and the propylene oxide cost price is

845 USD/T, which is low as compared to the current PO selling price of 1411

USD/T. Under the given assumptions a PO process based on micellar catalysis is

economically feasible.

From this work it can be concluded that micellar catalysis is an attractive

reaction concept, particularly due to the excellent catalyst recovery and the

potential of catalyst stabilization. It is furthermore anticipated that the application

of micellar catalysis is not just limited to epoxidations, but can be applied to a

much broader range of reactions.
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Introduction on Homogeneous Catalysis

in Surfactant Assemblies

Abstract

In this chapter a general introduction is given on homogeneous catalysis in

surfactant assemblies. The benefits of homogeneous catalysis are discussed and the

characteristics of surfactants and their assemblies are explained. As this thesis

focuses of propylene epoxidation, current routes for propylene oxide production

are described. Finally, manganese porphyrins are identified as the preferred catalyst

and the thesis outline is  discussed.

Chapter 1
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1.1. Homogeneous and Heterogeneous Catalysis

Catalysis is the key to many chemical transformations. Most industrial syntheses

and nearly all biological reactions require catalysts. 75 % of all chemicals are

produced by the aid of catalysts and in new processes, this figure even exceeds 90

%.1 Apart from accelerating reactions, catalysts also influence reaction selectivity.

For economic and environmental reasons, reaction selectivity is often more

important than the catalytic activity. Traditionally, a distinction is made between

heterogeneous and homogeneous catalysis.

In heterogeneous catalysis, the catalytically active substance is deposited on solid

support material with a large surface area and a high porosity. Catalyst recovery is

relatively simple, although macroscopic diffusion limitations can be a serious

problem. Heterogeneous catalysts are robust, with a long service life and often

operate at relatively harsh conditions. As industrially used supports are not well

defined, mechanistic understanding can be complicated.

Homogeneous catalysts are single-molecule catalysts, which typically consist of a

transition-metal atom, surrounded by one or more ligands. Such well-defined

catalysts allow for good mechanistic understanding and, consequently, for catalyst

performance enhancement by ligand or metal tuning. As a result, homogeneous

catalysts are characterized by high activity and selectivity, and a good

reproducibility. Additionally, mild operating conditions can be applied, which

allows for the production of complex and temperature-sensitive substances. The

major drawback of homogeneous catalysis is the recovery of the catalyst from the

reaction products. As a result, the industrial applications of homogeneous catalysis

are limited,2 and successful industrial application is mainly due to the high chemo-,

regio-, and enantio-selectivities attainable with homogeneous catalysts.
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1.2. Immobilization of Homogeneous Catalysts

Since catalyst recycling is essential for the industrial application of homogeneous

catalysis, current focus is on homogeneous catalysis in multiphase systems. The

predominant method is to immobilize homogeneous catalysts on organic or

inorganic supports. In many examples the activity is lower than in the

homogeneous system and the stability of the supported catalyst is often not

satisfying. Especially catalyst leaching is a serious problem as constant

'mechanical' stress on the central metal atom weakens the support bond.3 More

successful is biphasic catalysis or phase transfer liquid-liquid catalysis, which is

industrially employed in the Shell Higher Olefin Process (SHOP),4 and in the

hydroformylation process of Ruhrchemie-Rhone Poulenc.5 The main drawback of

biphasic catalysis, however, is the low reaction rate as a result of phase transfer

limitations, caused by the poor substrate solubility in the aqueous phase. An

example of two-phase catalysis that reduces phase transfer limitations is fluorous-

phase catalysis, but leaching of the fluorous phase in the product phase is a major

drawback.

1.3. Micro-Heterogeneous Catalysis

A good alternative is micro-heterogeneous catalysis, in which homogeneous

catalysts are incorporated in colloidal surfactant aggregates, such as micelles and

vesicles.6 The resulting nano-reactors pose no mass transfer resistance due to their

small size (5 - 100 nm), and can efficiently be recovered by ultrafiltration, as

shown in Figure 1.7 Generally, homogeneous catalysts are subject to chemical and

thermal stress while being recycled, e.g. by distillation or chemical techniques. In

comparison, ultrafiltration is a relatively mild, undisruptive recovery technique for

homogeneous catalysts.
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Permeate

Membrane

Retentate

Catalyst

Micelle

Surfactant

Figure 1.  Micellar-enhanced ultrafiltration. The ultrafiltration membrane retains the

micelle-incorporated catalyst.

Additional advantages of micro-heterogeneous catalysis include the following.

Water is used instead of organic solvents and hydrophobic and hydrophilic

reactants are concentrated and contacted on a molecular scale.8 Due to its large heat

capacity and nonflammable character, water allows for safe process operation. The

highly ordered environment of a micelle or a vesicle can enhance the reaction rate

and reaction selectivity by positioning of reactants and in-situ product extraction,

preventing consecutive reactions.9 Illustrative examples include the increased

reactivity and enantio-selectivity for asymmetric hydrogenations performed in

micelles,10 the million-fold acceleration of Diels-Alder reactions in surfactant

solutions,11 and the strong dependence of reactivity and selectivity on the catalyst -

micelle combination in butadiene telomerization.12

A distinction must be made between micellar catalysis and metallo-micellar

catalysis. In micellar catalysis, just the micelles cause the reaction enhancement.13

Reactions between hydrophilic and hydrophobic reactants are significantly

increased, since they are contacted and concentrated on a molecular scale.
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Reactions involving charged species are accelerated in oppositely charged micelles,

as illustrated by the catalytic effect of cationic micelles on the base-catalyzed ester

hydrolysis.13b Furthermore, the transition state of a reaction can be stabilized by the

polar headgroups of the micelle, and in-situ extraction to the water phase can

suppress undesired consecutive reactions. In metallo-micellar catalysis a micelle-

incorporated homogeneous catalyst is responsible for the catalytic action and

additionally, above-mentioned micellar effects can also manifest themselves.

Although metallo-micellar catalysis has been investigated, throughout the thesis

the shorter term micellar catalysis is used.

In this thesis, olefin epoxidation by hydrogen peroxide in micellar solutions is

studied. Due to the economic significance of propylene oxide, main focus is on

propylene epoxidation (1) and on the design of a propylene oxide process based on

micellar catalysis.

H2O2 H2OC H3 C H C H2 C H3 C H C H2

O

+ + (1 )

The principle of micro-heterogeneous catalysis for propylene epoxidation using

hydrogen peroxide as oxidizing agent is shown in Figure 2.

propylene

hydrogen
peroxide

propylene
oxide

water

Figure 2. Olefin epoxidation by a micelle-incorporated homogeneous catalyst,

using hydrogen peroxide as the oxidizing agent.
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1.4. Propylene Oxide

Propylene oxide is a widely used chemical with a global annual production of

5.8.106 ton.14 Propylene oxide is an important organic intermediate for the

production of propylene glycol, poly(propylene oxide), glycol ethers,

alkanolamines and many specialty products. Propylene oxide is manufactured in

two basic processes: the traditional chlorohydrin process (Dow) and the indirect

oxidation process (Lyondell). In the chlorohydrin process, propylene and chlorine

are converted to propylene chlorohydrin, which is treated with lime or caustic soda

to yield propylene oxide. This process suffers from corrosive intermediates and a

production of 30-60 kg brine per kg propylene oxide.

The indirect oxidation route uses organic hydroperoxides to epoxidize propylene

and half the global propylene oxide production is currently based on this route. An

organic compound is oxidized to its hydroperoxide, which subsequently epoxidizes

the propylene. Crude propylene oxide is purified and the co-product alcohol is

converted to a valuable product for sale. Because of their co-product value and

market demand, the tert-butyl hydroperoxide and the ethyl benzene hydroperoxide

routes are used in industry today. The indirect oxidation routes produce substantial

amounts of co-product,15 which makes them economically dependent on co-

product profitability. Economical operation furthermore requires integration into a

refinery complex where mixed butanes or ethyl benzene are readily available.

For these reasons, on-going research has been directed towards alternative

propylene oxide routes. In this respect, a titanium silicalite catalyst (TS-1) has been

developed to produce propylene oxide from propylene and hydrogen peroxide.16

Solvay/BASF, Degussa-Hüls/Krupp Uhde, and Sumitomo are all planning to build

hydrogen peroxide-based propylene oxide plants. Other routes include propylene

gas-phase oxidation on supported silver-gold catalysts,17 or TiO2-supported gold
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catalysts,18 propylene gas-phase oxidation in the presence of molten nitrate salts,19

and liquid-phase oxidation with a EuCl3 catalyst.20 Furthermore, several

electrochemical propylene oxide routes have been developed.21 To this day, none

of these routes has been commercialized.

1.5. Surfactants and their Assemblies

Surfactants are made up of a hydrophilic headgroup and a hydrophobic tail. In

aqueous solution the hydrophobic surfactant tail is encapsulated by a highly

structured water layer, which is one or two molecules thick. This structured layer

has extremely low entropy compared to bulk water. Above the critical micelle

concentration (CMC), the surfactants aggregate into micelles or differently shaped

assemblies. This surfactant self-assembly destroys the ice-like water layer and

results in a positive entropy change, stabilizing the assemblies.

NaS

O

O

OO

N

CH3

CH3

CH3

Cl

O (CH2 CH2 O)9.5 HCH3

CH3

CH3

CH3

CH3

Cationic

Anionic

N O

CH3

CH3

Nonionic

Amphoteric,
Zwitterionic

Figure 3. Common surfactant types. Cationic (CTAB or Cetyl Trimethyl Ammonium

Bromide); Anionic (SDS or Sodium Dodecyl Sulfate); Nonionic (Triton X-100 or t-

octylphenoxypoly-ethoxyethanol; Zwitterionic (DDMAO or N-N-dimethyldodecyl

amine-N-oxide).
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The most common surfactant types are depicted in Figure 3. Nonionic surfactants

generally have a hydrophilic poly(ethylene oxide) or carbohydrate headgroup.

Micelles formed by nonionic surfactants contain a hydrophobic core and a

hydrophilic palisade layer, which contains water-swollen poly(ethylene oxide)

chains. Anionic surfactants can have phosphate, sulfate, sulfonate, or carboxylate

headgroups, while cationic surfactants can contain ammonium, amine, or

pyridinium headgroups. Ionic micelles have a hydrophobic core and a so-called

Stern layer in which the ionic headgroups and the counterions reside. Ionic

micelles are generally smaller than nonionic micelles.

a0

Lc
v

cLa
v
0

=Φ

Figure 4. The packing parameter.

An important feature of surfactants is their packing parameter, Φ, which has been

introduced by Israelachvilli,22 and is defined in Figure 4. The packing parameter

relates the surfactant wedge-shape to the volume of the hydrophobic tail, ν, the

cross-sectional area occupied by the hydrophilic group at the micelle surface, a0,

and the length of the hydrophobic group, Lc. The surfactant wedge-shape governs

the aggregate shape, and in Table I the aggregate structure is related to the packing

parameter.
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Table I. Packing factor values and related surfactant aggregate structures.

ΦΦΦΦ geometrical shape aggregate shape aggregate

< 0.33 spherical, ellipsoidal micelles
   

0.33 - 0.5 rod-like micelles

0.5 - 1.0 vesicles, bilayer structures

1.0 planar bilayers

> 1.0 reverse micelles

Micelles are dynamic structures with a time constant for surfactant exchange of 1

µs to 1 ms, while the time constant for breakup of entire micelles is 1 ms to 1 s.13a

Bilayers and vesicles are more rigid structures and the breakup time constants can

be orders of magnitude higher. Although many surfactant types have been studied

in this thesis, Triton X-100 has been used as a model surfactant, due to the large

body of data available for this surfactant and its excellent solubilization capacity

for various homogeneous catalysts.

1.6. Epoxidation Catalysts

A literature survey has resulted in a number of hydrophobic homogeneous

catalysts, suited for olefin epoxidation by hydrogen peroxide. The three most

interesting classes of catalysts are shown in Figure 5.
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Figure 5. Homogeneous catalysts capable of olefin epoxidation with hydrogen

peroxide. 1 Ti(Silsesquioxane); 2 Mn(Salen)Cl; 3 Mn(porphyrin)Cl.

The incorporation of these epoxidation catalysts has been studied and it was

observed that Mn(salen)Cl and Mn(porphryrin)Cl could be readily solubilized in

micelles. Ti(silsesquioxane) solubilization was unsuccessful, which has been

attributed to its large size.6a-c Reaction experiments in micellar Triton X-100

solutions show that the manganese porphyrins exhibit the highest catalytic

activity.6a-c Accordingly, manganese porphyrins have been selected as catalysts.

Porphyrins23 are a universal class of natural compounds with many important

biological representatives including hemes for oxygen transport and storage,

chlorophylls for photosynthesis, and cytochromes for electron transport and

oxygen activation. Additionally, a multitude of synthetic porphyrinoid molecules is

available. All these molecules contain the porphyrin macrocycle, which consists of

four pyrrolic subunits linked by four methine bridges. The porphyrin ligand is of

perfect size and dimension to bind nearly all metal atoms. An additional feature of

most porphyrins is their planar shape.
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1.7. Three Levels of Design

For the development of a process based on micellar catalysis, three levels of design

can be identified, which are schematically depicted in Figure 6. In the first level

catalyst performance can be optimized by modification of the ligand and the

central transition metal atom.24 In this thesis the emphasis is not on this first level,

since only commercially available manganese porphyrins have been used.

Ligand tuning

Surfactant-catalyst
combination

Reactor type &
operating conditions

Micelle
Design

Catalyst
Design

Process
Design

Figure 6. Three levels of design.

The micelle design, crucial in micellar catalysis, is addressed in chapters 2 through

5. The incorporation of homogeneous catalysts inside micelles is investigated in

chapter 2. Chapter 3 deals with the catalyst location within the micellar structure,

since catalyst location is known to affect reaction activity and selectivity. Chapter 4

deals with the stability of manganese porphyrins in micellar systems, and in

chapter 5 the micellar system is optimized in terms of the type of surfactant,

catalyst, cocatalyst and oxidizing agent. At the process design level, reactor design,

operating conditions and separation steps are considered. Chapter 6 deals with the

determination of the reaction kinetics in both micellar and vesicular systems and in



12

chapter 7 a process design is presented, including an economic evaluation. Finally,

the future outlook is discussed in chapter 8. Chapters 2 - 7 have been arranged in

such a way that they can be read independently.
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Catalyst Solubilization and Recovery

in Micellar Solutions1

Abstract

Manganese porphyrins have successfully been solubilized in nonionic (Triton X-

100, Brij35), anionic (SDS, SDBS), and cationic (CTAB, CPC) micelles. It appears

that the porphyrins are readily solubilized in Triton X-100 and Brij35 micelles, but

porphyrin incorporation in ionic micelles is less straightforward. This is attributed

to the smaller size of these micelles. Additionally, bulky porphyrins solubilize to a

lesser extent than smaller ones, indicating that for successful incorporation the

manganese porphyrin should fit inside the micelle. The porphyrins are solubilized

as monomers in Triton X-100 micelles and further investigation has revealed some

unexpected concentration and time effects. Finally, it is demonstrated that micelle-

incorporated porphyrins can be completely recovered by ultrafiltration, which

allows for the industrial application of homogeneous catalysis.

                                                     
1 This chapter is based on: Solubilization and Recovery of Manganese Porphyrins in

Micellar Solutions, Heijnen, J. H. M.;  van den Broeke, L. J. P.; Keurentjes, J. T. F. Chem.

Eur J., submitted for publication.

Chapter 2



16

2.1. Introduction

In the development of micelle-incorporated manganese porphyrins for olefin

epoxidation, porphyrin solubilization in aqueous micellar systems is a

prerequisite.1 Micelles are known to solubilize substantial amounts of small

hydrophobic molecules,2 but the solubilization of larger molecules, such as

homogeneous catalysts, is less well known. In the research fields of herbicides,3

pesticides,4 and drug delivery,5 higher molecular weight compounds (up to 1000

g.mole-1) have been solubilized in micellar structures. First attempts to solubilize

homogeneous epoxidation catalysts have shown that the catalyst should not be too

large, and that the surfactant type substantially influences the success of

solubilization.1b In this respect, large catalysts, such as silsesquioxanes, can not be

solubilized at all. Among the successfully solubilized catalysts, manganese

porphyrins exhibit superior reactivity and stability (see Chapter 1). Most porphyrin

solubilization studies are concerned with the solubilization of free-base porphyrins

in micellar,6 and vesicular7 solutions. Since we are interested in the solubilization

of catalytically active manganese porphyrins, the solubilization characteristics of

these porphyrins is investigated in this chapter. Furthermore, ultrafiltration

experiments have been conducted with the porphyrin-incorporated systems to

demonstrate that the catalyst can effectively be separated from the water phase.

2.2. Experimental

Materials

The porphyrins used are shown in Figure 1.8 Mn(TPP)Cl (1) was purchased from

Fluka and Mn(TDCPP)Cl (2) and Mn(TP-alkyl-P)Cl (3) were obtained from

Porphyrin systems. Mn(TPFPOBP)Cl (4), and Mn(OEP)Cl (5)  were purchased
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from Mid-Century and Aldrich, respectively. The surfactants used are shown in

Figure 2.9 Triton X-100 (6), SDS (8), SDBS (9), CTAB (10), and CPC (11) were

obtained from Sigma. Brij35 (7) was purchased from Acros Chimica. All

chemicals were used without further purification.
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Figure 1.  Selected metallo-porphyrins. 1: Mn(TPP)Cl, 2: Mn(TDCPP)Cl, 3: Mn(TP-

alkyl-P)Cl, 4: Mn(TPFPOBP)Cl, 5: Mn(OEP)Cl.
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CTAB, 11: CPC.
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Methods

Several methods can be used to solubilize catalysts, and these are schematically

shown in Figure 3. In method 1, the porphyrin is dissolved in dichloromethane and

after dichloromethane evaporation the surfactant solution is added. Porphyrin

solubilization can be promoted by agitation, ultrasonication,7,10 or heating.11 If the

lattice energy of the solid catalyst is too large, the catalyst can be pre-dissolved in a

volatile organic solvent, which is emulsified in the surfactant solution, from which

the organic solvent is evaporated (method 2).12

surfactant

water

surfactant solution

T  >  Tcloud T  <  Tcloud

stirring / ultrasonication

salt

surfactant heating
water

organic solvent organic solvent

emulsion

(1)

(2)

(3)

(5)

(4)

Figure 3. Experimental catalyst solubilization methods.

Several catalysts have successfully been solubilized in nonionic surfactant

solutions, by the so-called cloudpoint method (method 3). The catalyst is added to

the surfactant solution, which is heated above the surfactant cloud point. Upon

heating, the poly(ethylene)oxide chains become hydrophobic, which results in a

phase separation at the cloudpoint temperature. A surfactant-rich phase and a

water-rich phase are formed and the hydrophobic catalyst dissolves in the

surfactant-rich phase. Cooling the solution to the initial temperature results in a
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one-phase system in which the catalyst is solubilized in the micelles. This method

is especially useful for the solubilization of large porphyrins in Brij35 and Triton

X-100 as can be seen in Table I.

Table I. Comparison between stirring and the cloud point method.

Soret Peak AbsorbancePorphyrin Surfactant

Stirringa Cloud pointb

Mn(TPFPOBP)Cl Triton X-100 0.193 1.366

Mn(TPFPOBP)Cl Brij35 0.103 0.147

Mn(TP-alkyl-P)Cl Brij35 0.043 1.090

a) The solution was stirred for 30 days at room temperature. b) The solution stirred for one day at 90 °C.

The cloudpoint method was not tested for Mn(TP-alkyl-P)Cl - Triton X-100, since solubilization was

complete after 30 days stirring.

In another method (method 4) the catalyst is added to the pure liquid surfactant and

the solution is heated to enhance solubilization. Water is added to obtain the

required surfactant concentration. This method is limited to surfactants which are

liquid in their pure form and has successfully been applied to the

Mn(TPFPOBP)Cl-Triton X-100 system. For ionic surfactants, the addition of salt

will generally result in larger or differently shaped micelles that can better

accommodate the catalyst (method 5).11a,13 This is schematically shown in Figure 4

and the method has been used effectively for the solubilization of Mn(TDCPP)Cl

in e.g. SDS, SDBS and CTAB solutions.14
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The concentration of solubilized porphyrins was determined by UV-vis

spectroscopy (Bio-Tek instruments Uvikon XL spectrophotometer in a 1 mm

quartz cell). The catalyst concentration was directly determined from the Soret

peak absorption. If unsolubilized suspended catalyst particles caused undesired

light scattering, the solutions were centrifuged for 15 minutes at 4000 rpm.

Ultrafiltration experiments were conducted in centrifugal ultrafiltration cells

(Schleicher & Schuell), containing a 3 kDa regenerated cellulose membrane. The

cells were charged with surfactant solution, containing 0.25 mM solubilized

porphyrin and centrifuged at 6000 rpm for 10 minutes. The catalyst concentration

in both the retentate and permeate were analyzed with UV-vis spectroscopy. Flux

measurements were performed in an ultrafiltration cell (Millipore), containing a 76

mm 3 kDa regenerated cellulose membrane. The cell was pressurized to 5 bar and

the water flux was determined by weighing.

2.3. Results and Discussion

2.3.1. Influence of porphyrin and surfactant type

Five porphyrin catalysts (1-5) have been solubilized in six surfactant solutions (6-

11). The 1 wt% surfactant solutions have been added to the porphyrin to give a

maximum porphyrin concentration of 0.25 mM. The resulting porphyrin solutions

have been stirred for one month at room temperature, during which the porphyrin

Soret absorbance has been monitored by UV-vis spectroscopy. The results are

shown in Figure 5 and the spectroscopic data are given in Table II. In Figure 5 it

can be observed that porphyrin solubilization in nonionic micelles is fast, while in

ionic micelles solubilization is slow and requires several days or weeks.
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Figure 5. Manganese porphyrin Soret peak absorbance versus time in 1 wt%

surfactant solutions. Triton X-100 (a); Brij35 (b); SDS (c); SDBS (d); CTAB (e);

CPC (f);  Mn(TPP)Cl (◆ ); Mn(OEP)C (▲); Mn(TDCPP)Cl (■ ); Mn(TPFPPOB)Cl

(● ); Mn(TP-alkyl-P)Cl (!). Solid and dotted lines represent complete and partial

porphyrin solubilization, respectively.
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Table II. Spectroscopic data of the micelle-incorporated porphyrins.
porphyrin surf. Coordination

Bands
Soret
band(s)

Q-bands

Mn(TPP)Cl TX100 382.5 (m), 402 (m) 470 (h) 521 (sm), 572 (m), 606 (m)

Mn(TPP)Cl Brij35 383 (m), 401.5 (m), 421 (sh) 469 (h) 519.5 (sm), 572 (m), 606 (m)

Mn(TPP)Cl SDS 337.5 (m), 389 (m), 411 (sh), 435 (sh) 481.5 (h) 518.5 (sm), 573.5 (m), 607 (m)

Mn(TPP)Cl SDBS 341.5 (m), 387.5 (m) 478 (h) 522 (sh), 576 (m), 608 (m)

Mn(TPP)Cl CPC 347.5 (m), 384 (m), 407.5 (sh) 482 (h) 528 (sh), 584 (m), 621 (m)

Mn(TPP)Cl CTAB 347 (sh), 385.5 (m), 409 (sh) 487 (h) 577.5 (sm), 633.5 (sh)

Mn(TDCPP)Cl TX100 321 (sh), 379 (m), 400 (m), 440 (sh) 469 (h) 507 (sm), 564.5 (m)

Mn(TDCPP)Cl Brij35 379 (m), 398 (m) 470.5 (h) 569.5 (m)

Mn(TDCPP)Cl SDS 340.5 (sm), 383 (m), 405.5 (sh) 474.5 (h) 569 (m)

Mn(TDCPP)Cl SDBS 326 (sm), 378 (m), 398 (m) 473 (h) 569 (m)

Mn(TDCPP)Cl CPC 326.5 (sh), 355.5 (sh), 378 (m), 402.5 (m) 477.5 (h) 574 (m)

Mn(TDCPP)Cl CTAB 378.5 (m), 403 (m) 482.5 (h), 471.5 (h) 574 (m)

Mn(OEP)Cl TX100 369 (h) , 412.5 (sm), 433 (sh) 458.5 (h) 546 (m), 577 (m)

Mn(OEP)Cl Brij35 369 (h) , 414 (sh), 431.5 458 (h) 547 (m), 578 (m)

Mn(OEP)Cl SDS 373 (h) , 401 (sh), 431 (m) 373 (m) 550 (m), 581 (sm)

Mn(OEP)Cl SDBS 372 (h) , 401 (sh), 431 (m) 473.5 (m) 551 (m), 580 (sm)

Mn(OEP)Cl CPC 360.5 (h), 428 (sh) 478 (m) 573.5 (m)

Mn(OEP)Cl CTAB 365.5 (h), 433.5 (sh) 486.5 (m) 577 (m)

Mn(TPFPPOB)Cl TX100 387 (sh) (m) 468 (h) 598 (sh)

Mn(TPFPPOB)Cl Brij35 422 (sm) 481 (h) 605 (sh)

Mn(TPFPPOB)Cl SDS 470 (h)

Mn(TPFPPOB)Cl SDBS 420 (sm) 483.5 (h)

Mn(TPFPPOB)Cl CPC 390 (sh) 490 (h) 603 (sh)

Mn(TPFPPOB)Cl CTAB 387 (sh) 490 (h) 601 (sh)

Mn(TP-alkyl-P)Cl TX100 380 (m), 401 (m) 467 (h) 526 (sm), 576 (m), 612 (m)

Mn(TP-alkyl-P)Cl Brij35 340 (sm), 382 (m), 402.5 (m), 422 (sh) 470.5 (h) 519 (sm), 575 (m), 609.5 (m)

Mn(TP-alkyl-P)Cl SDS 341.5 (m), 387.5 (m), 407 (sh) 474.5 (h) 519 (sm), 576 (m), 610 (m)

Mn(TP-alkyl-P)Cl SDBS 340.5 (sm), 385.5 (m), 402.5 (m) 472 (h) 519.5 (sm), 576.5 (m), 610.5 (m)

Mn(TP-alkyl-P)Cl CPC 344 (sh), 386.5 (m), 408 (sh) 481.5 (h) 580.5 (m), 620 (m)

Mn(TP-alkyl-P)Cl CTAB 384 (m), 410 (sh) 490 (h) 591.5 (m), 631.5 (m)

(h): high; (m): medium; (sm): small; (sh): shoulder.

Long solubilization times for similar systems have been reported in literature,6,15

and indicate that the lattice breakdown of the solid porphyrin must be the rate-

limiting step.16 Small porphyrins (see Table III), such as Mn(TPP)Cl and

Mn(OEP)Cl are readily solubilized in the micelles, while larger porphyrins, such as

Mn(TP-alkyl-P)Cl and Mn(TPFPOBP)Cl exhibit a lower solubilization rate and a
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lower equilibrium concentration. Large micelles, such as Triton X-100 and Brij35

(see Table IV) can better accommodate porphyrins than the small ionic micelles.

These results are consistent with our previous observations that for successful

solubilization the porphyrin must fit inside the micelle.1 Similar results have been

observed by Maiti et al.11a who attributed the poor incorporation of protoporphyrin

IX derivatives in SDS micelles to their small size. In addition, Vermathen found

that Triton X-100 is less selective than SDS or TTAB in porphyrin solubilization.6

Table III. Estimated porphyrin radius and thickness.a

porphyrin type r (Å) thickness (Å)

Mn(TPP)Cl 18.4 4.3

Mn(OEP)Cl 15.0 5.0

Mn(TDCPP)Cl 18.4 6.1

Mn(TPFPOBP)Cl 18.9 5.0

Mn(TP-alkyl-P)Cl 19 - 34 5 - 20

a) The porphyrin radius and thickness have been calculated with chemwindows.

Table IV. Micellar radius.

surfactant type r (Å) conditions reference

Triton X-100 75 16 mM; 22 °C 17

Brij35 40 8.3 mM; 25 °C 18

CTAB 26 44 mM; 26 °C 19

SDBS 25 66 mM; 65 °C 20

CPC 19 360 mM; 25 °C 21

SDS 17 200 mM; 21 °C 22

In nonionic micelles the ether groups of the poly(ethylene oxide) headgroups can

coordinate to the porphyrin manganese atom, which might also enhance porphyrin

solubilization. Manganese-porphyrins are indeed located in the poly(ethylene

oxide) palisade layer of Triton X-100 micelles,23 and a specific interaction between

poly(ethylene oxide) and metallo-phthalocyanins has been reported.24 Furthermore,

the solubilization site in the core of ionic micelles is more constrained than the

solubilization site in the palisade layer of nonionic micelles.
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Several systems show unexpected solubilization characteristics (see Figure 5).

Initially the porphyrin is solubilized, shown by the increase in Soret peak

absorption, but after a few weeks the absorbance decreases. The absorption can

decrease to 75 % of the maximum absorption initially reached. The UV-vis results

show that the porphyrin does not degrade. The solubilization behavior of Mn(TP-

alkyl-P)Cl in anionic micelles is different, as the solubilization rate increases in

time, after incorporation of small amounts of porphyrin, suggesting some

rearrangement of the porphyrin-micelle aggregates. Moreover, the unexpected

compatibility between cationic micelles and Mn(TDCPP)Cl in Figure 5e and 5f is

not fully understood.

2.3.2. Maximum catalyst loading

Detailed solubilization experiments have been performed to determine the

maximum amount of porphyrin that can be solubilized in Triton X-100 solutions.

Mn(TPP)Cl, (1), Mn(TDCPP)Cl, (2), and Mn(OEP)Cl, (7), have been added to

Triton X-100 solutions of different concentration, while the porphyrin

concentration is kept constant. The results are shown in Figure 6. The

solubilization of Mn(TPP)Cl and Mn(OEP)Cl in Triton X-100 micelles is quite

similar, while the Mn(TDCPP)Cl porphyrin exhibits a different solubilization

behavior. At low surfactant-to-porphyrin ratios the Soret peak absorbance increases

with the surfactant concentration. The catalyst is partially solubilized, while the

remaining catalyst precipitates. The solubilized amount of porphyrin increases

linearly with surfactant concentration, since additional surfactant results in

additional porphyrin solubilization sites. At a specific surfactant to catalyst ratio,

the slope of the curve levels off, which indicates the minimum number of

surfactant molecules needed to stabilize a single porphyrin molecule in aqueous

solution (Rmin). For Mn(OEP)Cl and Mn(TPP)Cl this number is 20. The slight

increase in Soret peak absorbance above Rmin is related to changes in the porphyrin
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micro-environment. The porphyrin is solubilized in larger micelles, shielding the

porphyrin more effectively from the bulk water phase. Changes in the porphyrin

UV-vis absorption indeed show that the catalyst micro-environment becomes more

hydrophobic. Above an optimum surfactant-to-porphyrin ratio, the micelles are

partially filled and the catalyst micro-environment remains unchanged. This

optimum ratio is for all porphyrins about 300, which is considerably higher than

the aggregation number of the empty Triton X-100 micelles, being 140.
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Figure 6. Porphyrin Soret peak absorption versus the surfactant-to-porphyrin ratio

in Triton X-100 solutions.  Mn(TPP)Cl (◆ ); Mn(TDCPP)Cl (■ ); Mn(OEP)Cl (▲).

Cporphyrin = 60 µM.

Considering Mn(TDCPP)Cl, Figure 6 suggest an Rmin of 166, while Figure 5a

shows that 250 µM Mn(TDCPP)Cl is completely solubilized in a 16 mM (1 wt%)

Triton X-100 solution, which corresponds to a Rmin of 64. These results indicate

that at higher porphyrin concentrations, more porphyrin can be solubilized per

surfactant. Similar findings have been reported elsewhere.6 The solubilization of

Mn(TDCPP)Cl in Triton X-100 micelles has therefore been studied at varying
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porphyrin concentrations, while keeping the surfactant concentration constant. The

results are depicted in Figure 7.
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Figure 7. Mn(TDCPP)Cl solubilization in 1 wt% Triton X-100 solutions at various

Mn(TDCPP)Cl concentrations. Theoretical complete solubilization (solid),

solubilization after 1 day (dashed) and solubilization after 1 week (dash-dotted).

Mn(TDCPP)Cl solubilization is enhanced at high porphyrin concentrations and less

surfactant is needed to solubilize a single porphyrin molecule (dashed line in

Figure 7). After one week the porphyrin absorption decreases for the partially

solubilized systems (dash-dotted line in Figure 7). Similar time-related effects can

be observed in Figure 5 and might be explained as follows. The porphyrin is

initially incorporated in the empty micelles until all micelles are filled. However,

since a larger aggregation number is thermodynamically preferred, the micelles

rearrange and excess porphyrin precipitates. This surfactant rearrangement is

relatively slow, since the porphyrin precipitation poses an additional energy

barrier.25
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The Mn(TDCPP)Cl - Triton X-100 system has further been analyzed by changing

the surfactant concentration in the presence of excess of porphyrin. UV-vis analysis

has been performed after a sufficiently long time to ensure an equilibrium situation.

The results are shown in Figure 8.
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Figure 8. Minimum amount of Triton X-100 surfactants needed to stabilize a single

Mn(TDCPP)Cl catalysts in water versus the surfactant concentration. Experiments

conducted with an excess of Mn(TDCPP)Cl.

At higher surfactant concentrations, more surfactants are needed to solubilize a

single porphyrin and thus the resulting micelles are larger. This is an unexpected

result, since at the applied surfactant concentrations the micelles are so far apart

that they are not expected to affect each other. Apparently, the Triton X-100

micelles interact through a not yet fully understood principle.

2.3.3. Porphyrin monomerization in micelles

Since porphyrin aggregation causes porphyrin destruction under oxidizing reaction

conditions, the aggregation behavior of Mn(TDCPP)Cl in Triton X-100 micelles

has been studied. Monomerization of free-base porphyrins in micellar systems has
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been reported in literature,6a,11a,26 but no studies are known for metallo-porphyrins.

UV-vis spectroscopy has been performed on Mn(TDCPP)Cl, solubilized in 1 wt%

Triton X-100 solutions at porphyrin concentrations between 0 and 1 mM. With

increasing porphyrin concentration, the Soret band maximum (λmax) remains

unaffected, which indicates that the porphyrin aggregation state remains

unchanged.7 Since the extremely diluted porphyrin solution is certainly in a non-

aggregated state, it can be concluded that the Mn(TDCPP)Cl is also monomerized

inside Triton X-100 micelles at the higher porphyrin concentrations. In DODAC

vesicles the free-base TDCPP aggregation has been reported at surfactant-to-

porphyrin ratios below 1000,27 while in our system no aggregation takes place at

all. Due to the large vesicle size, more porphyrins can be solubilized per vesicle,

which results in porphyrin aggregation within the DODAC vesicles.

2.3.4. Ultrafiltration of micelle-incorporated porphyrins

Since the major drawback of homogeneous catalysis is the catalyst recovery,

ultrafiltration has been investigated as a method to retain the micelles, including

the incorporated porphyrin catalysts. This is schematically shown in Figure 9.

Pressure

PermeateMagnetic stirrer
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Magnetic stirrer bar

Permeate
outlet

Figure 9. Micellar-enhanced ultrafiltration. The ultrafiltration membrane retains the

micelle-incorporated catalyst.
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Ultrafiltration experiments have been conducted with several solubilized porphyrin

solutions and the results are given in Table V. For the entries 1 - 5 in Table V no

porphyrin could be detected in the permeate and the surfactant concentrations in

the permeate are close to the critical micelle concentration. Mn(TDCPP)Cl has also

been incorporated in NaDEHP vesicles (entry 4) and is quantitatively retained by

the 3 kDa membrane, although for vesicle retention less dense membranes are

sufficient.28

Table V. Ultrafiltration experiments.a

# catalyst type surfactant type Retention (%)

1 Mn(TPP)Cl Triton X-100 100

2 Mn(OEP)Cl Triton X-100 100

3 Mn(TDCPP)Cl Triton X-100 100

4 Mn(TDCPP)Cl NaDEHP b 100

5 Mn(TPPS4)Cl c CTAB 100

6 Mn(TDMImP)Cl d SDS 0

7 Mn(2-TMPyP)Cl e SDS 0

a) 3 kDa regenerated cellulose membranes have been used, Ccat = 0.25 mM, T = 20 °C, 10 wt%

surfactant solution. b) NaDEHP = sodium bis(2-ethylhexyl) phosphate, a vesicle-forming surfactant. A 2

wt% surfactant solution was used. c) Mn(TPPS4)Cl = 5,10,15,20-tetrakis(3-sulfonatophenyl)porphyrin

manganese(III)-chloride sodium salt. No porphyrin retention was observed in the absence of CTAB. d)

Mn(TDMImP)Cl = 5,10,15,20-tetrakis(1,3-dimethyl imidazolium-2-yl)porphyrin manganese(III)-chloride

e) Mn(2-TMPyP)Cl = 5,10,15,20-tetrakis(N-methyl-2-pyridyl)porphyrin manganese(III)-chloride

Entries 5 - 7 comprise ionic manganese porphyrins in oppositely charged micelles.

The water-soluble porphyrin and the ionic surfactant form a hydrophobic salt (P4-

(S+)4), which is incorporated inside the ionic micelles. Interestingly, the complete

retention of anionic Mn(TPPS4)Cl incorporated in CTAB micelles (entry 5)

demonstrates that ionic micelles can be employed for recovery of charged catalysts.

Lack of retention for cationic porphyrins in anionic SDS micelles (entries 6 - 7)

might be related to the negatively charged membrane surface.
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A potential difficulty of micellar-enhanced ultrafiltration is the formation of a

concentration polarization layer at the membrane surface.29 The water flux through

the membrane forces the micelles to the membrane surface, where the surfactant

concentration significantly increases. At high surfactant concentration, the micelles

reassemble into other aggregates (e.g. hexagonal, lamellar, cubic or gel phases).

These highly viscous phases decrease the water flux and during ultrafiltration the

formation of a gel-like layer has indeed been observed. The flux can be recovered

by polarization layer break-up, which is achieved by retentate agitation. This has

been tested for the Mn(TPP)Cl - Triton X-100 system and the results are shown in

Figure 10.
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Figure 10. Permeate flux as a function of stirrer speed for a 10 wt% Triton X-100

solution containing 0.25 mM Mn(TPP)Cl (solid line); clean water flux (dotted line).

At increasing stirrer speed the flux with the Triton X-100 solution indeed

approaches the clean water flux of 22 L/m2h. These ultrafiltration results clearly

indicate that the solubilization of homogeneous catalysts inside micelles, vesicles,

or oppositely charged micelles allows for simple and quantitative catalyst recovery.



31

2.4. Conclusions

The incorporation of metallo-porphyrins in micellar systems is no straightforward

issue, due to the occurrence of time and concentration effects. The results show

that the porphyrin has to fit inside the micelle. At an excess of surfactant,

approximately 300 surfactant molecules surround a single porphyrin molecule,

while at an excess of porphyrin 20 to 50 surfactant molecules are required to

stabilize the nonpolar porphyrin in the aqueous environment. Both the added

porphyrin concentration and the surfactant concentration influence this number.

UV-vis analysis shows that the porphyrin is monomerized inside de micelles.

Finally, the porphyrin catalysts have been recovered quantitatively by micellar-

enhanced ultrafiltration.
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Catalyst Location and Micro-Environment

in Micellar Solutions1

Abstract

The location and micro-environment of micelle-incorporated manganese

porphyrins have been studied by 1H-NMR T1 measurements and a novel UV-vis

method, respectively. In Triton X-100 micelles the porphyrins are located in the

palisade layer, in which porphyrin polarity governs its location. In ionic surfactant

micelles the Mn(TDCPP)Cl porphyrin is located in the hydrophobic core. Thus the

location of porphyrin catalysts within the micelles can be tuned by changing

substituents on the porphyrin macrocylce or by changing the surfactant type.

                                                          
1 This chapter is based on: Manganese Porphyrin Location and Micro-Environment in

Micellar Solutions, Heijnen, J. H. M.; Peters, T. A.; van den Broeke, L. J. P.; Keurentjes, J.

T. F. J. Phys. Chem. A, submitted for publication.

Chapter 3
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3.1. Introduction

In the development of micelle-incorporated manganese porphyrins for olefin

epoxidation,1 the catalyst location or micro-environment within the micellar

structure is known to have a major influence on catalyst performance.2 The

micellar structure can impose the positioning of reactants with respect to the

catalyst, which has been reported to increase reaction selectivity.3 Due to the

extremely large polarity gradient within the micelle,4 small changes in catalyst

location result in significant changes in its micro-environment polarity.5 In

addition, reactant and product concentrations vary with the micelle radius. Since

epoxidations catalyzed by manganese porphyrins are first order in hydrogen

peroxide,6 high hydrogen peroxide concentrations maximize reactivity and the

optimal catalyst location is at the micelle-water interface (see Figure 1a). If

hydrogen peroxide dismutation is an issue, a high olefin to hydrogen peroxide ratio

is required, pleading for a catalyst location near the micelle core (see Figure 1b).
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Figure 1. Catalyst location at the micelle-water interface (a) and in the micellar

core (b).

In a number of papers, porphyrin locations have been determined in micellar as

well as vesicular systems by UV-vis,5c,7 fluorescence quenching,2b,5c,7b-c,8 NMR,9
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and ESR.7a,10 Fluorescence quenching has not been applied, since paramagnetic

porphyrins lack fluorescence.5a,11 Investigation of porphyrin location by NMR

techniques depends on analyzing changes in chemical shifts,5a-c,9ab,10,12 or changes

in spin-lattice relaxation times9bc of the surfactant or the porphyrin protons. In UV-

vis methods used in literature, the micro-environment of free-base porphyrins is

determined by comparing the Soret peak maximum of porphyrins in micelles and

organic solvents.5c,7 Most papers deal with free-base porphyrins and research on the

location of metallo-porphyrins is limited. Although a few studies have been

reported on Zn(II), Fe(III), VO2+ and Cu(II) porphyrins,8-10,12,13 no research has

been performed on catalytically active manganese porphyrins.

This study is performed to obtain a better insight in the micelle-catalyst system and

to explore methods for location tuning. The location of five manganese-porphyrins

(1-5) in Triton X-100 (6) micelles, as well as the location of Mn(TDCPP)Cl (2) in

four ionic surfactant micelles (7-10) has been determined.

3.2. Experimental

Materials

The porphyrins used are shown in Figure 2.14 Mn(TPP)Cl (1) was purchased from

Fluka, while Mn(TDCPP)Cl (2), Mn(TPPS4)Cl (3) and Mn(TP-alkyl-P)Cl (4) were

purchased from Porphyrin systems. Mn(OEP)Cl (5) was purchased from Aldrich.

The surfactants used are shown in Figure 3.15 Triton X-100 (6), SDS (7), SDBS (8),

CPC (9) and CTAB (10) were obtained from Sigma. D2O, toluene and

dichloromethane were obtained from Merck. Iso-octane and polyethylene glycol

monomethyl ether (Mn ca 350 g/mole) were obtained from Sigma-Aldrich. All

chemicals were used without further purification.
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Methods

Porphyrin solubilization. Aliquots of a porphyrin stock solution were transferred to

8 mL vials after which the dichloromethane solvent was left to evaporate. The

surfactant solution was added to the dried porphyrin layer, and stirring and ultra-

sonification were used to dissolve the porphyrin.

UV-vis spectroscopy. In literature, porphyrin location has been determined by UV-

vis spectroscopy by comparison of the Soret band maximum in the micellar

solution with this maximum in solvents of different polarity.5c,7 One should be

careful in applying this UV-vis method, since porphyrin aggregation and its micro-

environment polarity both affect the Soret band maximum. In the case of metallo-

porphyrins, solvent polarity and solvent coordination to the central metal atom

influence the absorption spectrum. As a result, no consistent relation was found

between the Soret peak maximum and any polarity parameter in a large number of

solvents.16 Therefore, the entire absorption spectrum of the metallo-porphyrin in

the micellar system has been compared to the absorption spectrum of the metallo-

porphyrin in solvents that are representative for the micellar core and the palisade

layer. The solvent with the best-matched spectrum is representative for the local

catalyst environment. UV-vis spectra (300 - 700 nm, 0.1 nm resolution) were

recorded on a Bio-Tek instruments Uvikon XL spectrophotometer in a 2 mm path

length quartz cell.
1H NMR spectroscopy. Large changes in surfactant proton shifts are normally

observed for free-base porphyrins incorporated in micellar systems.5b,9ab,10,12 In our

systems, however, these proton shifts are negligible. Therefore, spin-lattice

relaxation measurements were used to determine the porphyrin location in micellar

systems. 1H-NMR spectroscopy was performed on a Varian Unity Inova 500 MHz

instrument at 25°C in D2O. The NMR spin-lattice relaxation time T1 was measured

by an inversion-recovery pulse sequence (180°, t, 90°, acquisition delay), the delay

between the sequences being more than 5T1.
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3.3. Results and Discussion

In the following sections, the results are discussed of UV-vis and NMR studies

performed on various manganese porphyrins (1-4) solubilized in Triton X-100 (6)

micelles. Subsequently, the results of Mn(TDCPP)Cl (2) solubilized in different

ionic micelles (7-10) are presented.

3.3.1. UV-vis spectroscopy on porphyrins in Triton X-100 micelles

To characterize the porphyrin location inside Triton X-100 micelles, 56 µM

porphyrin has been dissolved in 10 wt% Triton X-100 solution and in iso-octane,

toluene, pure polyethylene oxide and an aqueous polyethylene oxide solution.17

These solvents are representative for different parts of a Triton X-100 micelle, as

shown in Figure 4.
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Figure 4. Triton X-100 and its representative solvents.

Mn(TDCPP)Cl is easily solubilized in toluene, pure and aqueous polyethylene

oxide, but solubilization in iso-octane failed. The absorption spectra of

Mn(TDCPP)Cl in a 10 wt% Triton X-100 solution and its representative solvents

are shown in Figure 5.
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Figure 5. Absorption spectrum of 56 µM Mn(TDCPP)Cl in 10 wt% Triton X-100

surfactant solution (thick solid), toluene (dashed), polyethylene oxide (dash-dotted)

and a aqueous 50 vol% polyethylene oxide solution (solid). The inset shows the

spectra between 350 and 425 nm for a 10 wt% Triton X-100 solution and aqueous

polyethylene oxide solutions (50 – 70 vol% PEO).
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Figure 6. Absorption spectrum of 56 µM Mn(TDCPP)Cl in 10 wt% Triton X-100

surfactant solution (dashed) and in an aqueous 60 vol% polyethylene oxide

solution (solid).
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In Figure 5 the Soret band, characteristic for the conjugated porphyrin macrocycle,

is clearly visible at 450 – 500 nm. Furthermore, two Q-bands can be distinguished

between 500 and 650 nm, which are typical for the D4h symmetry of metallo-

porphyrins.5c,7b The bands between 300 and 450 nm are related to Mn(III) metal

coordination. Comparison of the absorption spectra clearly indicates that in Triton

X-100 micelles Mn(TDCPP)Cl is located in an aqueous polyethylene oxide

environment, which is present in the palisade layer of the Triton X-100 micelles.

By using a series of aqueous polyethylene oxide mixtures, a more precise catalyst

micro-environment has been determined, as shown in the inset of Figure 5.

In Figure 6 is it shown that the best-matched spectrum of the aqueous 60 vol%

polyethylene oxide solution is almost identical to the spectrum in the Triton X-100

surfactant solution. A slight discrepancy is observed for the coordination bands

(375 – 425 nm), which can be caused by the phenyl group in the Triton X-100

molecule. Similar experiments have been performed with Mn(TPPS4)Cl,

Mn(TPP)Cl, Mn(TDCPP)Cl, Mn(TP-alkyl-P)Cl and Mn(OEP)Cl porphyrins in

Triton X-100 micelles, and the results are given in Table I.

Table I. Porphyrin micro-environments in Triton X-100 micelles.a

Porphyrin Coordination
bands [nm]

Soret band
(B-band) [nm]

Q-bands
[nm]

Micro-environment
[vol% PEO] b

Mn(TPPS4)Cl 381.5, 402.1, 420.5 468.4 516, 568, 602 9

Mn(OEP)Cl 369 458.8 546, 578 30

Mn(TPP)Cl 382, 402 469.5 520, 571, 606 32

Mn(TDCPP)Cl 379, 400 469.0 507, 565 67

Mn(TP-alkyl-P)Cl 384, 403 470.7 522, 574, 609 90-100

a) 10 wt% Triton X-100 solutions. b) Exact porphyrin micro-environments have been determined by

calibration of Soret band half widths, and the ratio of coordination band absorbance to the Soret peak

absorbance. Both methods give identical results.
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From Table I it can be seen that small porphyrins like Mn(TPP)Cl and Mn(OEP)Cl

are located in hydrophilic regions, close to the micelle-water interface. The

chloride atoms in Mn(TDCPP)Cl result in a more hydrophobic and bulkier

porphyrin, which is located deeper inside the micelle. Similar results have been

reported for the free-base TDCPP and TPP in DODAC vesicles.8 The long

aliphatic tails in Mn(TP-alkyl-P)Cl pull the porphyrin ring towards the micellar

core, which agrees with observations reported for vesicles.7a,8 The introduction of

ionic groups on the porphyrin macrocycle in Mn(TPPS4)Cl shifts its location

towards the micelle-water interface,18 which has been reported for similar systems

in literature.2b,5c,8
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Figure 7. Proposed location for the Mn(TP-alkyl-P)Cl porphyrin in a Triton X-100

surfactant solution.

Although UV-vis experiments indicate that Mn(TP-alkyl-P)Cl is located at the

inner part of the palisade layer of Triton X-100 micelles, the porphyrin shows poor

solubility in aqueous polyethylene oxide solutions and good solubility in both iso-

octane and toluene. It is therefore assumed that the aliphatic porphyrin tails are

preferably located in the hydrophobic micellar core, whereas the porphyrin ring is

situated in the palisade layer, as shown in Figure 7. A similar porphyrin

configuration has been proposed for free-base porphyrins bearing ionic groups and

alkyl tails in DODAC vesicles.7a,8
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3.3.2. 1H NMR spectroscopy on porphyrins in Triton X-100 micelles

1H NMR spectroscopy has been performed for porphyrins (1)-(5) in Triton X-100

micelles. As anticipated,5b,9b no porphyrin proton signals could be detected and

therefore just the surfactant protons have been analyzed. The 1H-NMR spectra of

micellar Triton X-100 solutions in D2O in presence and absence of Mn(TDCPP)Cl

are shown in Figure 8. The peak assignment of the Triton X-100 protons is

documented in literature.19
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Figure 8. 1H NMR spectra of a 160 mM Triton X-100 solution in the presence and

absence of Mn(TDCPP)Cl and Triton X-100 proton peak identification.

The paramagnetic porphyrin complex slightly increases the proton signal line

width, which is attributed to dipolar interactions between the surfactant protons and

the porphyrin electron cloud. No change in chemical shifts of the surfactant protons

is observed, which is different from the behavior of free-base porphyrins.5ab,9a,10 In
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metallo-porphyrins, both the paramagnetic manganese atom9c and the porphyrin π-

electron cloud9a,12 affect the surfactant protons. If these effects are opposite and

cancel out, this can explain the absence of chemical shift changes upon metallo-

porphyrin solubilization.

The incorporation of the porphyrin macrocycles in micelles enhances the spin-

lattice relaxation of the surfactant protons, and spin-lattice relaxation times of the

surfactant protons nearby the porphyrin are thus decreased. Figure 9 shows the

relative relaxation times of the Triton X-100 surfactant protons for several

Mn(TDCPP)Cl concentrations.
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Figure 9. Relative relaxation times of the surfactant protons at several

Mn(TDCPP)Cl concentrations, CTriton X-100 = 160 mM. CMn(TDCPP)Cl = 0.056 mM (◆ );

0.101 mM (■ ); 0.494 mM (▲); 1.030 mM (● ); 2.066 mM (]). At Mn(TDCPP)Cl

concentrations exceeding 0.1 mM, the phenyl-O-CH2-CH2 protons (nr 7) can not be

distinguished from the (-O-CH2-CH2)n protons (nr 8) due to the strong NMR-peak

broadening. The relative relaxation time is defined as the ratio of the relaxation
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time of the surfactant protons in presence of a porphyrin complex to the relaxation

time of the surfactant protons in absence of a porphyrin complex.

Mn(TDCPP)Cl solubilization substantially reduces the relative relaxation time of

the protons in the hydrophilic region of the Triton X-100 micelles. The largest

decrease is observed for the phenyl-O-CH2-CH2-protons (proton 7 in Figure 8),

which indicates that the time-averaged Mn(TDCPP)Cl location is nearby this

group. Such a porphyrin location is consistent with the micro-environment

determined by UV-vis spectroscopy (see Table I). The Mn(TDCPP)Cl location is

not affected by the porphyrin concentration. Spin-lattice relaxation times have also

been determined for Mn(TPP)Cl (1) Mn(TPPS4)Cl (3) and Mn(TP-alkyl-P)Cl (4)

porphyrins encapsulated in Triton X-100 micelles. For these porphyrins the relative

relaxation times of the surfactant protons are shown in Figure 10.
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Figure 10.  Relative relaxation times of the surfactant protons for different

porphyrins, CPorphyrin = 0.1 mM, CTriton X-100 = 160 mM. Mn(TPP)Cl (◆ );

Mn(TDCPP)Cl (■ ); Mn(TP-alkyl-P)Cl (▲); Mn(TPPS4)Cl (● ).
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All studied porphyrins are located in the palisade layer of the Triton X-100 micelle

and no change in porphyrin location could be observed as a function of the

porphyrin concentration (results not shown). Mn(TPPS4)Cl is clearly located at the

micelle-water interface, which is in agreement with its micro-environment (9 vol%

aqueous PEO) as determined by the UV-vis method.

An exact location of Mn(TPP)Cl and Mn(TP-alkyl-P)Cl within the Triton X-100

palisade layer can not be determined, since the resolution of the 500 MHz NMR

apparatus is too small to distinguish separate polyethylene oxide protons of the –

(C2H4O)n– group (protons 8 in Figure 8), However, compared to Mn(TP-alkyl-

P)Cl, Mn(TPP)Cl has slightly lower relative relaxation times for the outer palisade

region and higher relative relaxation times for the hydrophobic region. This

indicates a Mn(TP-alkyl-P)Cl solubilization site closer to the micellar core, which

is in agreement with its more hydrophobic micro-environment as determined by

UV-vis spectroscopy.

In conclusion, the porphyrin locations determined with 1H-NMR spectroscopy

agree with their micro-environments obtained from UV-vis measurements, which

indicates the viability of the proposed UV-vis matching method.

3.3.3. UV-vis spectroscopy on Mn(TDCPP)Cl in ionic micelles

In ionic micellar solutions the Mn(TDCPP)Cl porphyrin has been studied by UV-

vis spectroscopy and the results are shown in Table II. Mn(TDCPP)Cl absorption

spectra in CTAB and CPC micelles are nearly identical, which indicates that in

these micellar systems Mn(TDCPP)Cl is located in a similar micro-environment.

The absorption spectra in the anionic SDS and SDBS micelles show considerable

resemblance as well. The pronounced differences between anionic and cationic
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surfactants indicate that the surfactant charge substantially affects the porphyrin

micro-environment.

Table II. Mn(TDCPP)Cl band maxima (λmax) in ionic micellar solutions (1 wt%) and

in representative solvents.
medium Coordination bands

[nm]
Soret band (B-band)

[nm]
Q-bands

[nm]

CTAB 378, 403 471, 482 (split) 573

CPC 378, 402.5 477.5 573.5

SDS 340.5, 383, 401.5 474.5 568.5

SDBS 378.5, 400 457 (sh), 473 569

n-octanea 372, 420.5 480.5 579.5

n-octane / watera 369, 418.5 459.5 (sh), 478 581.5

a) low porphyrin solubility. (sh): shoulder.

The exact porphyrin micro-environment in ionic micelles is difficult to determine

by UV-vis spectroscopy. First of all, the solubility of nonionic porphyrins in salt

solutions, representative for the Stern layer, is too low to be of practical

significance. As water penetrates the core of ionic micelles as far as the sixth

carbon atom, linear alkanes, such as n-octane, seem suited solvents to represent the

inner micellar core. However, Mn(TDCPP)Cl solubility in n-octane is poor and the

porphyrin spectrum in n-octane does not resemble any porphyrin spectrum in ionic

micelles (see Table II).

Water coordination to the manganese atom alters the porphyrin absorption

spectrum. A small fraction of water can be dissolved in n-octane, but the

Mn(TDCPP)Cl absorption spectrum in this mixture substantially differs from the

spectrum in ionic micelles (see Table II). An explanation for these results is that

the surfactant tails in the micellar core are highly ordered and constitute a

substantially different micro-environment than bulk hydrocarbons.
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3.3.4. 1H NMR spectroscopy on Mn(TDCPP)Cl in ionic micelles

In ionic micelles, the porphyrin can be located in the center of the hydrophobic

core or in the hydrophobic cavity of the micellar core, as schematically shown in

Figure 11. If the porphyrin resides in the center of the micellar core the terminal

methylene groups of the surfactant chains are predominantly affected by the

presence of the porphyrin complex. If the porphyrin is surrounded by surfactant

tails in the micellar cavity, the surfactant chain conformation changes. This reduces

chain mobility, which has a distinctive effect on the chemical shifts and the spin-

lattice relaxation times.

Mn
Mn

Figure 11. Catalyst location in the micellar core (left) and in the micellar cavity

(right) of ionic micelles.

In our systems the change in chemical shift and the line broadening are too small to

be of practical importance. Therefore, the spin-lattice relaxation times of the

surfactant protons have been measured to determine the Mn(TDCPP)Cl location in

ionic micelles. The results are shown in Figure 12.
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Figure 12. Relative relaxation times of the ionic surfactant protons in the presence

of 50 µM Mn(TDCPP)Cl. CSDS = 347 mM; CSDBS = 286 mM; CCPC = 29 mM

(Mn(TDCPP)Cl not completely solubilized); CCTAB = 276 mM.

Mn(TDCPP)Cl solubilization in SDS and CTAB micelles predominantly enhances

the spin-lattice relaxation of the terminal methylene protons, which indicates a

Mn(TDCPP)Cl location in the center of the micellar core. In SDBS micelles

Mn(TDCPP)Cl affects the terminal methylene protons to the same extent as the

majority of the surfactant chain protons, which indicates a location in the micellar

cavity. This might be due to an interaction between the conjugated porphyrin ring

and the benzene ring in SDBS, which also explains the difference in the UV-vis

spectra between SDS and SDBS. The results for Mn(TDCPP)Cl in CPC micelles

seem to indicate a dual solubilization site: one in the centre of the micellar core and

the other between the pyridine groups at the water interface. It should be noted,

however, that the porphyrin is not completely solubilized, which might affect the

results. Mn(TDCPP)Cl incorporation in the centre of the micellar CPC core might

also change the micelle shape, affecting the relaxation properties of the pyridine

protons, but no such results have been observed for the other ionic micelles. A
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higher susceptibility of the aromatic pyridine protons to the paramagnetic

manganese atom can also explain the results, since a similar decrease in relaxation

time is observed for the aromatic protons in SDBS. Although these 1H NMR results

show that the Mn(TDCPP)Cl solubilizes at or near the micelle core of the ionic

micelles, the UV-vis results indicate that the porphyrin definitely experiences the

surface charge of the micelle.

3.4. Conclusions

Porphyrin locations determined by 1H NMR correspond with porphyrin micro-

environments determined by UV-vis spectroscopy, demonstrating the viability of

the proposed UV-vis method. This UV-vis spectral matching is remarkably useful

for probing the porphyrin micro-environment in the palisade layer of nonionic

micelles, but for ionic micelles its use is limited. The manganese porphyrins reside

in the Triton X-100 palisade layer, in which porphyrin polarity determines the

exact location. In ionic micelles, Mn(TDCPP)Cl is located in the hydrophobic core

and its micro-environment is affected by the micelle surface charge. The results

indicate that by modification of surfactant or porphyrin, the reaction micro-

environment of micelle-incorporated manganese porphyrins can be tuned.
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Catalyst Stability

in Micelles and Vesicles1

Abstract

This chapter describes the enhancement of manganese porphyrin stability by

solubilization in micellar and vesicular systems. Under oxidative conditions

Mn(TDCPP)Cl and Mn(TDCPPS4)Cl show complete stability in Triton X-100

micelles. The stability of less stable porphyrins is significantly enhanced upon

incorporation in the Triton X-100 micelles, which is attributed to porphyrin

monomerization by the micelles. The Mn(TPP)Cl stability is further improved by

solubilization in SDS micelles, which is ascribed to electrostatic repulsion between

the ionic micelles. Mn(TPP)Cl is completely stable after incorporation in NaDEHP

vesicles, which is most likely the result of both electrostatic repulsion and vesicle

rigidity.

                                                          
1 This chapter is based on: Enhanced Porphyrin Stability in Micellar and Vesicular

Systems,  Heijnen, J. H. M.; Peters, T. A.; van den Broeke, L. J. P.; Keurentjes, J. T. F.

Angew. Chem. Int. Ed., submitted for publication.

Chapter 4
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4.1. Introduction

Manganese porphyrins are well known catalysts for epoxidation reactions in which

hydrogen peroxide is used as the oxidizing agent.1 A major drawback of several

porphyrin catalysts is their susceptibility to hydrogen peroxide and porphyrin

degradation is thought to proceed as depicted in Scheme 1.2
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Scheme 1

The catalyst is activated by hydrogen peroxide, giving water and the activated oxo-

complex, (P)MnV+=O. This reaction is catalyzed by imidazole, acting as a base as

well as a coordinating axial ligand. The activated oxo-complex can epoxidize an

olefin, or degrade a second catalyst molecule. This catalyst degradation involves

porphyrin dimerization, yielding µ-oxo dimeric structures, which can rapidly

decompose. Porphyrin degradation can also proceed through direct attack of

hydrogen peroxide on the porphyrin ligand, which is mainly directed towards the

β-pyrrollic positions and the meso-carbons on the porphyrin ring.1c,3,2a Porphyrin

stability can be increased by the introduction of ionic,4 electron-withdrawing, or

bulky substituents5 to the porphyrin ligand.
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In the development of micelle- and vesicle-incorporated manganese porphyrins for

olefin epoxidation by hydrogen peroxide,6 catalyst stability is an important issue.

This chapter describes the effect of porphyrin encapsulation in micelles and

vesicles on porphyrin stability.

4.2. Experimental

Materials

The porphyrins used are shown in Figure 1.7 Mn(TPP)Cl (1) was purchased from

Fluka and Mn(TDCPP)Cl (2), Mn(TPPS4)Cl (3) and Mn(TP-alkyl-P)Cl (4) were

obtained from Porphyrin systems. Mn(TDCPPS4)Cl (5) and Mn(OEP)Cl (6) were

purchased from Mid-Century and Aldrich, respectively. The surfactants used are

shown in Figure 2.8 Triton X-100 and SDS were obtained from Sigma. Hydrogen

peroxide (50 wt% in water) was purchased from Acros Chimica. Imidazole and

dichloromethane were obtained from Merck and acetonitrile and bis(2-

ethylhexyl)hydrogen phosphate were obtained from Aldrich. All chemicals were

used without further purification.

Methods

The surfactant was dissolved in water by ultra-sonification for 2-3 minutes and

agitation for at least 30 minutes. The NaDEHP solution was prepared by NaOH

addition to an aqueous bis(2-ethylheyxl)hydrogen phosphate solution, yielding

sodium bis(2-ethylheyxl)phosphate. Vesicle formation was promoted by ultra-

sonification. Aliquots of a porphyrin stock solution were transferred to vials and

the dichloromethane solvent was left to evaporate. The surfactant solution was

added to the dried porphyrin layer after which stirring and ultra-sonification

dissolved the porphyrin.9 The solution was transferred to a 2 mm quartz cell and
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the imidazole cocatalyst was added. The UV-vis absorption spectrum was recorded

to determine the initial porphyrin concentration and to check imidazole

coordination.10 After hydrogen peroxide addition, the porphyrin concentration was

measured online with a Bio-Tek instruments Uvikon XL spectrophotometer.11

Hydrogen peroxide concentrations were determined by UV-vis spectroscopy at 410

nm, using an acidic aqueous TiCl4 solution as indicator.12
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Figure 1.  Selected metallo-porphyrins. 1: Mn(TPP)Cl, 2: Mn(TDCPP)Cl, 3:

Mn(TPPS4)Cl, 4: Mn(TP-alkyl-P)Cl, 5: Mn(TDCPPS4)Cl, 6: Mn(OEP)Cl.
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4.3. Results and Discussion

In the presence of hydrogen peroxide, the stability of six different porphyrins has

been investigated in 10 wt% Triton X-100 surfactant solutions as well as in

reference solvents. In Figure 3 the relative porphyrin concentrations are depicted as

a function of time and the initial degradation rate constants are given in Table I.13

For the Mn(TDCPP)Cl and Mn(TDCPPS4)Cl porphyrins no degradation occurs,

while the Mn(TPP)Cl, Mn(TPPS4)Cl and Mn(TP-alkyl-P)Cl porphyrins show

considerable degradation. Due to the chlorine atoms present on the phenyl rings in

Mn(TDCPP)Cl and Mn(TDCPPS4)Cl, porphyrin aggregation is reduced for these

sterically hindered picked fence porphyrins,5 explaining their higher stability.
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Figure 3. Relative concentrations of different porphyrins in Triton X-100 surfactant

solution (closed symbols) and reference solvents (open symbols) during

degradation experiments. Mn(TDCPP)Cl and Mn(TDCPPS4)Cl (● ); Mn(OEP)Cl

(◆ ); Mn(TPPS4)Cl (▲); Mn(TPP)Cl (■ ); Mn(TP-alkyl-P)Cl (✱ ). Reaction conditions:

Table I.
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Table I. Reaction conditions and initial degradation rate constants in 10 wt% Triton

X-100 micellar solutions and in reference solvents.a

# Porphyrin Medium b Porphyrin

[µµµµM]

H2O2

[mM]
Imidazole

[mM]
k2

  c

[l/mmol s]
R d

[-]

1 Mn(TPP)Cl TX-100 67 18 0.92 0.0124

2 Mn(TPP)Cl Organic 68 23 0.92 0.1047
8

3 Mn(TDCPP)Cl TX-100 60 17 0.81 0

4 Mn(TDCPP)Cl Organic 64 16 0.89 0
-

5 Mn(TPPS4)Cl TX-100 66 14 0.84 0.0039

6 Mn(TPPS4)Cl Water 61 13 0.98 0.0765
20

7 Mn(TDCPPS4)Cl TX-100 65 22 0.79 0

8 Mn(TDCPPS4)Cl Water 67 21 0.83 0
-

9 Mn(octa-ethyl-P)Cl TX-100 63 18 0.95 0.0025

10 Mn(octa-ethyl-P)Cl Organic 59 16 0.91 0.0169
7

11 Mn(TP-alkyl-P)Cl TX-100 70 22 1.01 2.622 -

a) Degradation experiments were conducted in 2 ml cuvets at room temperature. b) A 50 vol%

dichloromethane-acetonitrile mixture is used as organic reference solvent. c) In the calculation of the

reaction rate constant, the degradation is assumed to be first order in both catalyst and hydrogen

peroxide concentration. (dCcat / dt = -k2CcatCH2O2). The hydrogen peroxide concentration does not vary

significantly due to its large excess (~300). d) R is the ratio of the reaction rate constant in the reference

solvent to the reaction rate constant in the micellar solution (R = k2,ref / k2,mic).

The stability increase due to the introduction of ionic sulfate groups is rather

marginal (Table I, entries 1, 2, 5 and 6). A significantly lower stability can be

observed for Mn(TP-alkyl-P)Cl as compared to Mn(TPP)Cl. This is attributed to

the hydrophobic interaction between the aliphatic tails of individual Mn(TP-alkyl-

P)Cl porphyrins, which is known to increase porphyrin aggregation.16a,h

Interestingly, porphyrin incorporation in Triton X-100 micelles strongly enhances

the catalyst stability, as compared to the reference solvents. Mn(TPPS4)Cl shows a

20-fold increase in stability upon solubilization in Triton X-100 micelles. The

increased porphyrin stability is most likely not related to a lower hydrogen

peroxide concentration in the micellar phase, as proposed in literature,14 since the

manganese porphyrins are located in the relatively hydrophilic palisade layer (see
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Chapter 3). Furthermore, micelle-water partition experiments show that the

hydrogen peroxide concentration in the Triton X-100 micelles is only 20 % lower

than in the surrounding water.15

Surfactant MnIII

MnIII MnIII
MnIII

Figure 4.  Reduced aggregation of micelle-encapsulated porphyrin catalysts.

As porphyrins are generally incorporated as monomers in the micelles,16,6b this is

likely to reduce porphyrin aggregation,16e and consequently to increase porphyrin

stability (see Figure 4). Porphyrin dimerization might additionally be prevented

due to the limited space within the micelle core. Porphyrin monomerization inside

Triton X-100 micelles does not result in completely stable systems, which is

presumably caused by the dynamic character of micelles and the rapid exchange

between micellar contents. The micelles coalesce, allowing for rapid µ-oxo

dimerization, which leads to some catalyst degradation. Destructive attack of

hydrogen peroxide on the porphyrin macrocycle might be an additional explanation

for the observed results. To draw more decisive conclusions, the stability of

Mn(TPP)Cl has been investigated in anionic SDS micelles and NaDEHP vesicles

and the results are given in Figure 5 and Table II.

Mn(TPP)Cl solubilization in anionic SDS micelles further enhances the

Mn(TPP)Cl stability as compared to Triton X-100 micelles. The relative stability

increase from 8 to 62 is attributed to electrostatic repulsion between the SDS

micelles, which reduces micelle coalescence.
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Figure 5. Relative concentrations of Mn(TPP)Cl in several media during

degradation experiments. 2 wt% NaDEHP vesicles (◆ ); 10 wt% SDS micelles (● );

10 wt% Triton X-100 micelles (▲); 50 vol% dichloromethane - acetonitrile (■ ).

Reaction conditions: Table II.

Table II. Mn(TPP)Cl degradation in several media.a

# Porphyrin Medium Porphyrin

[µµµµM]

H2O2

[mM]
Imidazole

[mM]
k2

[l/mole s]
R
[-]

1 Mn(TPP)Cl Organic 68 23 0.92 0.1914 1

2 Mn(TPP)Cl TX-100 b 67 18 0.92 0.0159 8

2 Mn(TPP)Cl SDS b 67 22 0.94 0.00017 62

2 Mn(TPP)Cl NaDEHP c 68 21 0.87 0 ∞

a) See Table I for reaction conditions and definitions. b) 10 wt% surfactant solution. c) 2 wt% surfactant

solution.

Mn(TPP)Cl solubilization in NaDEHP vesicles results in a highly stable system in

which no Mn(TPP)Cl degradation occurs. This is mainly caused by electrostatic

repulsion between the vesicles and their more rigid character as compared to

micelles, which further reduces vesicle coalescence. A vesicle can, however,

contain several porphyrins, which allows for porphyrin aggregation within the
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vesicle bilayer. Since NaDEHP vesicles have very short alkyl chains (C6 ≈ 0.75

nm), the µ-oxo dimers might be too large to be incorporated in these vesicles.

4.4. Conclusions

As Mn(TDCPP)Cl and (Mn(TDCPPS4)Cl are completely stable in Triton X-100

solutions they are most interesting for micellar catalysis. Solubilization of the more

labile manganese porphyrins in micelles and vesicles significantly enhances

catalyst stability and the absence of Mn(TPP)Cl degradation in the vesicular

system demonstrates the potential of self-assembled surfactant aggregates for the

enhancement of the stability of homogeneous catalysts. This approach might open

up the application of simple and cheap porphyrins that would degrade otherwise.
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Optimization of Olefin Epoxidation

in Micelles1

Abstract

Micelle-incorporated manganese porphyrins have been used to epoxidize propylene

and 1-octene by hydrogen peroxide. To determine the most effective reaction

system, 7 manganese porphyrins, 12 cocatalysts, 10 surfactants and 3 oxidizing

agents have been used. The Mn(TDCPP)Cl catalyst exhibits the best stability and

the best cocatalytic activity has been observed for imidazole. In nonionic surfactant

solutions the pH drops during reaction, which is attributed to surfactant

degradation. Furthermore, good reactivity and complete porphyrin stability has

been observed for these solutions. Ionic surfactant systems induce some catalyst

degradation, which is the most severe for cationic CTAB micelles. The pH drop is

less for the anionic systems, and especially the vesicle-forming NaDEHP shows

promising behavior.

                                                          
1 This chapter is based on: Olefin Epoxidation Catalyzed by Micelle-Incorporated

Manganese Porphyrins, Heijnen, J. H. M.; van den Broeke, L. J. P.; Keurentjes, J. T. F. J.

Mol. Catal. submitted for publication.

Chapter 5
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5.1. Introduction

Self-assembled surfactant structures, such as micelles and vesicles, can host

homogeneous catalysts, forming so-called nano-reactors in which various types of

reactions can be performed.1 By using aqueous micellar systems, the use of organic

solvents is avoided, hydrophobic and hydrophilic reactants are contacted on a

molecular scale and the micelle-incorporated catalyst can be recovered by micellar-

enhanced ultrafiltration.2 The aqueous system allows a safer process operation due

to the large heat capacity and non-flammability of water. Finally, an organized

medium is known to enhance the reactivity and selectivity of many reactions.3

propylene

hydrogen
peroxide

propylene
oxide

water

Figure 1. The principle of propylene epoxidation by micellar catalysis, using

hydrogen peroxide as the oxidizing agent.

Several reactions catalyzed by micelle-incorporated homogeneous catalysts

including hydroformylation,1g,h hydrogenation,1i-l and telomerization1e have been

reported in literature. Hardly any papers have been published on epoxidations in

micelles.1a-c,3f Our focus is on the industrially relevant propylene epoxidation by

hydrogen peroxide. Propylene epoxidation by hydrogen peroxide, catalyzed by a

micelle-incorporated catalyst is schematically shown in Figure 1. Catalyst

screening in terms of catalyst solubilization,4 stability5 and reactivity1a-c has

demonstrated that manganese porphyrins are the preferred catalysts for this type of
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reaction (Chapters 1 -  3) In this chapter the micellar reaction system is optimized

in terms of the type of porphyrin, cocatalyst, oxidizing agent and surfactant.

5.2. Experimental

Materials

The porphyrin catalysts used are shown in Figure 2.6 Mn(TPP)Cl (1) was

purchased from Fluka and Mn(TDCPP)Cl (2), Mn(TPPS4)Cl (3) and Mn(TP-alkyl-

P)Cl (5) were obtained from Porphyrin systems. Mn(TPFPPOB)Cl (6) was

purchased from Mid-Century and Mn(OEP)Cl (7) form Aldrich.
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Figure 2. Manganese porphyrin epoxidation catalysts. 1: Mn(TPP)Cl, 2:

Mn(TDCPP)Cl, 3:  Mn(TPPS4)Cl, 4: Mn(TPFPP)Cl, 5: Mn(TP-alkyl-P)Cl, 6:
Mn(TPFPPOB)Cl, 7: Mn(OEP)Cl.
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The surfactants are shown in Figure 3.7 Triton X-100, SDS, SDBS, CTAB, and

clotrimazole (see Figure 4) were obtained from Sigma. Span 20 and tert-butyl

hydroperoxide (70% aqueous solution) were purchased from Acros Chimica.

Sodium hypochlorite (10-12 % available chlorine), 2-undecylimidazole, 4,5-

diphenylimidazole, 1-decyl-2-methylimidazole, bis(2-ethylhexyl)hydrogen

phosphate, poly(ethylene glycol)-4-nonylphenyl-3-sulfopropyl ether potassium

salt, and propylene (lecture bottle, 99+ %) were obtained from Aldrich.

Ammonium acetate, 1-pentanol, and di-sodium hydrogen phosphate dodecahydrate

were obtained from Merck. 1-Octylimidazole, 2,4,5-triphenylimidazole, DDMAO

(30 % aqueous solution), DSA, and 4-phenylimidazole were obtained from Fluka.

Potassium phosphate was obtained from Calbiochem and Marlox B24/80 was

donated as a free sample by Condea. All chemicals were used without purification.
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Figure 3. Surfactants. CTAB, SDBS, SDS, DSA, NaDEHP, DDMAO, Triton X-100,

Span 20, Marlox B24/80, Ionic tergitol.

Methods

The porphyrin dissolved in dichloromethane was transferred to 4 mL vials. After

dichloromethane evaporation the surfactant solution was added and the solution

was stirred. The catalyst concentration was determined by UV-vis spectroscopy

from the Soret peak absorption (Bio-Tek instruments Uvikon XL
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spectrophotometer in a 1 mm quartz cell). Unsolubilized suspended catalyst

particles, causing undesired light scattering were removed by centrifugation (15

minutes at 4000 rpm). Prior to reaction, imidazole, the substrate, and iso-octane

were added. Iso-octane and imidazole served as internal GC standard and as

cocatalyst, respectively. The solution was equilibrated for a few hours and

imidazole coordination was checked by UV-vis spectroscopy. After the hydrogen

peroxide solution was added, the reaction started and liquid phase GC analysis

(Fisons GC 8000 series) was performed every 5 to 10 minutes. Hydrogen peroxide

concentrations were determined during reaction by UV-vis spectroscopy at 410

nm, using an aqueous TiCl4 indicator solution. Before and after reaction, the pH

was measured (Radiometer pHm220 pH meter) and catalyst stability was checked

by UV-vis spectroscopy.

Figure 4. Clotrimazole or 1-[o-chloro-α,α-diphenylbenzyl]-imidazole.

5.3. Results and Discussion

To study the micellar reaction system a base case has been chosen, which consists

of Triton X-100 (160 mM) as surfactant,8 Mn(TDCPP)Cl (0.25 mM) as the catalyst

and imidazole (5 mM) as cocatalyst. Since 1-octene exhibits similar reactivity as

propylene, 1-octene (10 mM) has been selected as the substrate for its ease of

handling. Hydrogen peroxide (100 mM) is used as the oxidizing agent. It has been
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shown that for this base case the reaction terminates prior to completion.1 In the

following sections, the cause for premature reaction termination is further

investigated and the effect of the type of the porphyrin, cocatalyst, oxidizing agent

and surfactant is discussed.

5.3.1. Porphyrin catalyst

Several manganese porphyrins (1)-(7) (see Figure 2) have been tested in 10 wt%

Triton X-100 solutions for 1-octene epoxidation by hydrogen peroxide.

Mn(TDCPP)Cl (2) is the only manganese porphyrin that is stable under oxidative

conditions. This is attributed to its chloride substituents on the meso-phenyl

positions that protect the labile pyrrole protons from attack by the oxidizing agent.9

In addition, the chloride substituents prevent porphyrin dimerization and

subsequent porphyrin degradation.10 The importance of these substituents is further

demonstrated by the complete degradation observed for (1), (5) and (7) that lack

such substituents. The fluoride substituents of Mn(TPFPP)Cl (4) are too small for

catalyst stabilization, as is illustrated by its complete degradation,9a which has also

been observed in organic solvents. In spite of electrostatic repulsion between the

anionic groups of porphyrin (3), it is completely degraded under oxidative

conditions in the micellar solution. There is some controversy in the literature

about the Mn(TPFOBPP)Cl stability,11,9a and in Triton X-100 micelles,

Mn(TPFOBPP)Cl (6) degrades in the presence of hydrogen peroxide. The

completely stable Mn(TDCPP)Cl has been used in the following experiments.

5.3.2. Cocatalyst

Manganese porphyrin-catalyzed epoxidation by hydrogen peroxide requires a

cocatalyst.11b,12 Several cocatalysts have been investigated for the Mn(TDCPP)Cl -

Triton X-100 system and the results are presented in Table I.
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Table I. 1-octene epoxidation in 10 wt% Triton X-100 solutions in the presence of

different cocatalysts.a

# cocatalyst Cat. Stab. b

(%)
TOF c

(h-1)
TON d

(-)
k e

(L.mole-1.s-1)

1 none 100 10 0.1 0.03

2 imidazole 100 250 11.0 0.69

5 ammonium acetate 82 50 1.3 0.06

6 1-methyl imidazole 100 120 4.4 0.29

7 1-octyl imidazole 100 30 5.4 0.08

8 1-decyl-2-methyl imidazole 100 16 3.2 0.04

9 2-undecylimidazole 100 40 5.8 0.11

10 Clotrimazole g 100 1.5 0.3 0.004

11 4,5-diphenylimidazole f - 0 0 0

12 2,4,5-triphenylimidazole f - 0 0 0

a) Reaction conditions: CMn(TDCPP)Cl = 0.25 mM, C1-octene = 10 mM,  CH2O2 = 100 mM Ccocatalyst = 5 mM, CT-

X100 = 160 mM, T = 20 °C. b) Catalyst stability after 1 h; c ) Initial turnover frequency, TOF =  ∆Cepoxide/(∆t

Cporphyrin. d); Turnover number after 1 h, TON = Cepoxide / Ccatalyst. Due to the recipe, the maximum TON is

40; e) Reaction rate constant, calculated form dCepox/dt = k.CcatCH2O2; f) Spectroscopic data show that

these imidazole derivatives are unable to coordinate to Mn(TDCPP)Cl; g) TON after 6 days is 11.6.

The observed differences in cocatalyst activity can be related to the pKa of the

cocatalyst, which acts as a base as well as an acid. However, the optimal

cocatalyst-to-catalyst ratio varies per cocatalyst and solvent, due to different

coordination equilibria (see Figure 5) and micelle-water partition equilibria (see

Figure 6). As hydrophobic cocatalysts (entries 7 - 10) are located inside the

micelles, porphyrin bisligation can occur, decreasing cocatalyst activity. The poor

cocatalytic activity of the hydrophilic NH4Ac is attributed to its location in the

water phase. As a consequence, NH4Ac is unable to interact with Mn(TDCPP)Cl,

which is known to reside in the Triton X-100 palisade layer (see Chapter 3).13

Presumably, the more hydrophobic imidazole mainly resides in the Triton X-100

palisade layer of the micelles, which explains the high activity of imidazole.
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Figure 5. Imidazole monoligation and bisligation to manganese porphyrin. The

nonligated porphyrin (left) is less reactive than the monoligated porphyrin (middle).

The bisligated porphyrin (right) is inactive due to blocking of the active site.12
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Figure 6. Cocatalyst location in nonionic micellar systems.

The bulky clotrimazole cocatalyst (see Figure 4) significantly prolongs the reaction

in the micellar solution. The reaction proceeds for six days, whereas the

epoxidation in the presence of imidazole ends after 30 minutes. The cocatalyst

activity of clotrimazole is, however, very low as the reaction is faster in the

absence of cocatalyst (entry 1). In the following sections premature reaction

termination is ascribed to a pH drop, caused by surfactant degradation. The bulky

clotrimazole might prevent the Triton X-100 surfactant from approaching the

porphyrin cavity, which reduces surfactant degradation. As a result, the pH drop is

less severe and the reaction proceeds. However, clotrimazole also significantly

retards the epoxidation. As has been demonstrated by UV-vis analysis, too large
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cocatalysts, such as 4,5-diphenylimidazole or 2,4,5-triphenylimidazole, fail to

coordinate to the manganese porphyrin.

During catalyst activation, the cocatalyst acts as a base in the addition of hydrogen

peroxide to the porphyrin manganese center, while it acts as an acid in the actual

formation of the oxo-complex, (P)MnV+=O.12 Since one imidazole nitrogen is basic

while the other nitrogen is acidic, imidazole can accomplish porphyrin activation in

one single step, as shown in Figure 7. This can also explain the high cocatalyst

activity of imidazole.
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Figure 7. Proposed cocatalytic function of imidazole. The porphyrin macrocycle is

represented by the ring.

This mechanism explains the lower reactivity of several hydrophobic imidazoles as

compared to imidazole, since substituents on the nitrogen (Table I, entries 6 - 8)

obstruct the proposed mechanism. Additionally, substituents on the carbon between

both nitrogens (Table I, entries 8 and 9) sterically hinder the required imidazole

approach to the porphyrin. These effects explain the relatively low activity of 1-

decyl-2-methyl imidazole (Table I, entry 8), which has substituents on both

unfavorable positions. Further evidence is provided by Thellend et al.,11b reporting

a high cocatalytic activity for several methyl-imidazoles, while 1-methyl-imidazole

shows a much lower cocatalytic activity. In addition, Iwajenko et al.9a have

reported a lower reactivity for 1-methyl and 2-methyl imidazole as compared to 4-
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methyl imidazole. Since imidazole shows the highest activity in our system, this

cocatalyst has been used in further experiments.

5.3.3. Oxidizing agent

Sodium hypochlorite (NaOCl), tert-butyl hydroperoxide (TBHP), and hydrogen

peroxide (H2O2) have been tested as oxidizing agents for the 1-octene epoxidation

by Mn(TDCPP)Cl incorporated in Triton X-100 micelles and the results are given

in Table II.

Table II. 1-Octene epoxidation in 10 wt% Triton X-100 with different oxidizers.a

# Oxidizing Agent Cat. Stab.
(%)

TOF
(h-1)

TON
(-)

k
(L.mole-1.s-1)

1 hydrogen peroxide 100 250 11.0 0.69

2 t-butyl hydroperoxide 30 b 250 19.2 0.73

3 sodium hypochlorite 85 c 400 9.5 1.11

a) Reaction conditions: CMn(TDCPP)Cl = 0.25 mM, C1-octene = 10 mM,  Coxidizing agent = 100 mM, Cimidazole = 5

mM, CT-X100 = 160 mM, T = 20 °C. pH0 = 7.4. For definitions see Table I; b) Appearance of a Soret peak

at 439 nm, and distinctive color change from red-brown to dark-green. c) Appearance of a Soret peak at

450 nm, and a color change from red-brown to green-brown. Subsequent reappearance original Soret

peak after two months. The initial apparent catalyst stability is given in the Table. Since in Triton X-100

the free-base TDCPP exhibits a Soret absorption at 421 nm, manganese leakage from Mn(TDCPP)Cl is

not the cause for the observed Soret peaks at 450 and 439.

In Triton X-100 micelles, NaOCl exhibits the highest reactivity. NaOCl addition

significantly increases the pH from 7.4 to 10.2, which is attributed to HOCl

formation and might explain the higher reactivity of NaOCl. In addition, the

optimal pH for the systems depends on the oxidizing agent and therefore,

comparison of the results is complicated. In Triton X-100 micelles, TBHP and

H2O2 exhibit a similar reactivity, whereas in organic solvents TBHP is generally

considered to be more reactive. In Triton X-100 micelles, H2O2 can exchange with

the water present in palisade layer, while the hydrophobic TBHP is located in the
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micelle core, and the ionic NaOCl is located in the water phase (see Figure 8). OCl-

penetration in Triton X-100 micelles seems to be sufficient as illustrated by the

high NaOCl reactivity.
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Figure 8. Oxidizing agent location in nonionic micellar systems.

In the presence of hydrogen peroxide Mn(TDCPP)Cl is completely stable, whereas

in the presence of TBHP severe catalyst degradation is observed. In the presence of

NaOCl the porphyrin Soret peak shifts, followed by reappearance of the original

Soret peak after two months. This indicates that the porphyrin ring is still intact.14

The observed porphyrin degradation is probably the result of direct attack of the

oxidizing agent on the porphyrin ring, since the oxo-species, responsible for

porphyrin dimerization, is formed in the presence of all investigated oxidizing

agents.

5.3.4. Propylene epoxidation

Experiments have also been conducted with propylene and a comparison with 1-

octene is given in Table III. The initial reaction rate constants of 1-octene and

propylene are comparable (entries 1 and 2). The slightly lower activity of

propylene can be attributed to its low solubility under normal pressure,9c and

comparison of entries 3 and 4 illustrates that higher propylene pressures indeed
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increase the reaction rate. Experiments conducted in a stainless steel reactor

(entries 3 and 4) exhibit a relatively low reaction rate, which can be attributed to

the lower initial pH and possibly to insufficient reactor wall passivation, which

promotes hydrogen peroxide dismutation.15

Table III. Olefin epoxidations by hydrogen peroxide in 10 wt% Triton X-100.

# Olefin Pp a

(bar)
T

(°C)
pH0

(-)
pHend

(-)
Cat. Stab.

(%)
TOF
(h-1)

TON
(-)

k
(L.mole-1.s-1)

1 1-Octene b - 20 8 4 100 250 11.0 0.69

2 Propylene c 1.05 30 8 4 100 49 7.8 0.59

3 Propylene d 1.55 50 7.3 5.3 100 53 4.0 0.15

4 Propylene d 4.30 50 7.3 5.3 100 97 8.7 0.27

a) Partial propylene pressure. CMn(TDCPP)Cl = 0.25 mM, C1-octene = 9.2 mM, CH2O2 = 96 mM, Cimidazole = 5.6

mM, CTX-100 = 56 mM. b) Reaction conducted in a 100 ml thermostated glass bulb. CMn(TDCPP)Cl = 0.11

mM, C1-octene = 10 mM, CH2O2 = 100 mM, Cimidazole = 2.5 mM, CTX-100 = 85 mM. c) Reaction conducted in a

650 stainless steel reactor, N = 850 rpm, CMn(TDCPP)Cl
 = 0.063 mM, CH2O2 = 100 mM, Cimidazole = 1.3 mM,

CTX-100 = 40 mM.

5.3.5. Oxidative surfactant degradation

In previous publications and in the above experiments, premature reaction

termination has been observed.1 This is not caused by H2O2 depletion or catalyst

degradation, since H2O2 and Mn(TDCPP)Cl are detected after reaction.16

Interestingly, the absorption spectrum after reaction is remarkably similar to the

spectrum of Mn(TDCPP)Cl in the absence of imidazole. During the reaction the

pH drops, which causes imidazole (pKa = 6.95) protonation. The protonated

imidazole is positively charged and dissociates from the positively charged

manganese porphyrin (see Figure 9). Additionally, the protonated imidazole is

unable to act as a base. Consequently, the reaction stops, but is reinitiated by pH

adjustment.
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Figure 9. Imidazole protonation, causing premature reaction termination.

The pH has been measured under oxidative conditions, and in Triton X-100

solutions the pH drops beneath 5 (see Figure 10). There is a strong dependency on

the catalyst and H2O2 concentration, which indicates that the activated catalyst is

involved in the pH drop. There is compelling evidence that the oxo-complex,

(P)MnV+=O, oxidizes the surfactant to acids, which results in the experimentally

observed pH drop.17 Even a 100 mM phosphate buffer is insufficient for pH

control. As H2O2 and Triton X-100 are the single components present in these

quantities,18 the pH drop is attributed to surfactant oxidation.
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Figure 10. pH versus time for the Mn(TDCPP)Cl - Triton X-100 system in the

absence of substrate, 160 mM Triton X-100, 5 mM imidazole, 0.25 mM

Mn(TDCPP)Cl, room temperature, pH0 = 7.3, 100 mM hydrogen peroxide (solid);

same conditions except 50 mM hydrogen peroxide (dotted); same conditions

except 0.05 mM Mn(TDCPP)Cl (dashed).
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HPLC analysis after reaction reveals a shortening of the Triton X-100

poly(ethylene oxide) headgroups and an increase of the free poly(ethylene oxide)

oligomer concentration. These results imply that the poly(ethylene oxide)

headgroups of Triton X-100 are decomposed during reaction. Addition of NaOH in

large quantities during reaction results in a macroscopic phase separation. The

shortened headgroups are apparently unable to stabilize the non-polar surfactant

tails in the aqueous environment. Although epoxidations have been studied with

poly(ethylene glycol)-linked porphyrins,19 and with porphyrins incorporated in

nonionic Brij35 micelles,3f no surfactant or poly(ethylene glycol) degradation, or

pH effects have been reported in the literature.

To reduce surfactant degradation, the reaction kinetics are evaluated. The

manganese porphyrin is activated by hydrogen peroxide, which is the rate-

determining step (1).9b The activated catalyst, (P)MnV+=O, can epoxidize the olefin

(2) or degrade the surfactant (3). From equations (1 - 3) an expression (4) has been

derived for the surfactant oxidation rate.20

O   H   O(P)Mn       O   H(P)Mn 2
Vk

22
III 1 +=→+ ++            (1)

++ +→+= IIIkV (P)Mn       epoxide      olefin     O(P)Mn 2            (2)

surfactant oxidized      O(P)Mn        surfactant        O(P)Mn VkV 3 +=→+= ++            (3)

surfactant3olefin2

surfactantOHporphyrin31surfactant

CkCk
CCCkk

dt
dC 22

+
−=            (4)

Equation (4) shows that higher olefin concentrations, lower surfactant

concentrations, more reactive olefins (larger k2) and more stable surfactants (lower

k3) reduce surfactant degradation. In the following sections, several of these

methods are discussed.
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5.3.6. Surfactant concentration

It has been attempted to reduce the surfactant degradation by decreasing the Triton

X-100 concentration.21 However, for 1-octene epoxidation in a 1.6 mM (0.1 wt%)

Triton X-100 solution with 0.067 mM Mn(TDCPP)Cl catalyst and excess 1-octene

a pH drop to 5 has been observed. This is attributed to the catalyst location between

the surfactant chains. As a result, the catalyst generally experiences high surfactant

concentrations.

5.3.7. 1-Octene concentration

The effect of higher 1-octene concentration on surfactant degradation has been

investigated in micelles,22 emulsions and microemulsions and the results are given

in Table IV.

Table IV. 1-Octene epoxidation in micelles, emulsions, and microemulsions.a

# medium C1-oct

(mM)
Csurf

(mM)
pH0

(-)
pHend

(-)
Stab
(%)

TOF
(h-1)

TON
(-)

k
(L.mole-1 s-1)

1 TX-100 micelles b 5.2 160 7.3 4.3 100 12 2.60 0.06

2 TX-100 micelles b 13.9 160 7.3 5.0 100 33 6.84 0.18

3 TX-100 micelles b 14.8 160 7.3 4.2 100 31 6.16 0.17

4 TX-100 micelles b 27.4 160 7.3 4.4 100 39 7.44 0.22

5 TX-100 micelles b 51.4 160 7.3 4.7 100 33 8.88 0.18

6 CTAB emulsion c 1062 46 7 3 - 27 3.90 0.14

7 SDS emulsion d 1344 104 8 6 - 250 18.0 0.93

8 SDBS emulsion e 1336 229 8 6 - 250 18.8 0.75

9 SDS microemulsion f 173 121 8 6 - 23 9.65 0.07

10 TX-100 microemulsion g 768 218 7 5 - 52 7.68 0.14

a) Reaction conditions: CMn(TDCPP)Cl = 0.25 mM, C1-octene = 10 mM,  CH2O2 = 100 mM, Cimidazole = 5 mM, T =

20 °C. For the microemulsions, 1-pentanol is used as cosurfactant. For definitions see Table I; b) CH2O2

= 50 mM. The lower TOF is related to lower CH2O2 and the lower initial pH; c) CH2O2 = 54 mM, Ccat = 0.17

mM; d) CH2O2 = 75 mM. The pH remains 8 for 30 minutes, but then drops to 6; e) turnover frequencies

up to 2100 h-1 have been observed after pH adjustment with NaOH; f) C1-pentanol = 1842 mM; g) C1-pentanol

= 462 mM
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At low 1-octene concentrations, an increase in 1-octene concentration slightly

increases the reaction rate, but above 5 mM the effect is negligible. Moreover, the

1-octene concentration hardly affects the pH drop. Anionic emulsions (entries 7

and 8) exhibit a higher reactivity and TON than the microemulsion systems,

presumably due to 1-pentanol oxidation in the microemulsions. Anionic emulsions

exhibit a very similar reactivity, which indicates that in these emulsions the catalyst

experiences a similar environment. An interesting feature of the SDBS emulsion is

the high turnover frequency (2100 h-1) that can be attained after pH adjustment.

The poor reactivity of the CTAB emulsion might be related to catalyst degradation,

which is known to occur in these systems (see below). For all systems the pH

drops, which indicates surfactant degradation. Due to the poor catalyst solubility in

1-octene, Mn(TDCPP)Cl resides at the 1-octene-water interface of the emulsions

and microemulsions. As a result, the catalyst experiences a relatively high

surfactant concentration, which results in surfactant degradation. The differences in

final pH seem to correlate with the surfactant type, which is discussed in the next

section.

5.3.8. Surfactant type

Nonionic, anionic, cationic, zwitterionic, and vesicle-forming surfactants have been

investigated as reaction media and the results are given in Table V. The most

reactive systems consist of N-N-dimethyldodecyl amine-N-oxide (DDMAO),

sodium dodecyl sulfonate (DSA) and Triton X-100. As high cocatalyst

concentrations enhance the reaction rate, the high activity of DDMAO is attributed

to its cocatalytic amine-oxide group.11b The high reaction rate in the DSA solution

is due to the higher reaction temperature of 60 °C. Triton X-100 is moderately

reactive, but it exhibits a large pH drop, which causes fast reaction termination, as

can be seen from the low TON. The lower reactivity observed for anionic

surfactants might be due to electrostatic repulsion between the negatively charged
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micelles and OOH-, which slows down the rate determining step. Additionally, the

(P)MnIII+  is stabilized in anionic micelles, while in nonionic micelles the transition

state (P)MnIII-OOH is stabilized.

Table V. 1-Octene epoxidations in several surfactant solutions.a

# Surfactant Csurfactant

(wt%)
pH0

(-)
pHend

(-)
Cat. Stab.

(%)
TOF
(h-1)

TON
(-)

k
(L.mole-1.s-1)

1 Triton X-100 3.5 8 4 100 250 11.0 0.69

2 SDS b 10 8 6 35 80 12.4 0.21

3 DSA c 10 8.7 5.8 64 562 40.7 1.46

4 SDBS d 3.8 7 6 - 25 6.1 0.15

5 CTAB e 10 8 6 0 60 5.2 0.14

6 Marlox B24/80 10 7 4 95 180 11.6 0.47

7 Ionic tergitol 3.5 6 4 57 110 18.7 0.30

8 DDMAO 10 8.2 7.6 38 540 52.5 1.41

9 NaDEHP 2 8.5 7.5 86 41 25.4 0.14

10 Span 20 f 10 6 5 100 25 8.4 0.03

a) Reaction conditions: CMn(TDCPP)Cl = 0.25 mM, C1-octene = 10 mM,  Coxidizing agent = 100 mM, Cimidazole = 5

mM, T = 20 °C. For definitions see Table I. b) 0.25 M NaCl added to promote Mn(TDCPP)Cl

solubilization. c) 0.25 M NaCl added to promote Mn(TDCPP)Cl solubilization. Experiment performed at

60 °C. d) 0.1 M NaCl added to promote Mn(TDCPP)Cl solubilization; CH2O2 = 45 mM, CMn(TDCPP)Cl = 0.11

mM, e) 0.3 M NaCl added to promote Mn(TDCPP)Cl solubilization; Appearance of a small absorption

band at 420 nm; f) Opaque solution formed due to the low HLB number of the surfactant.

In the nonionic micelles (entries 1, 6 and 10), the Mn(TDCPP)Cl is very stable,

while in the presence of anionic and zwitterionic surfactants (entries 2-4, 7-8)

catalyst stability is lower. Catalyst degradation in amine-oxide surfactants, as

observed for DDMAO, has been reported before,23 and is related to its cocatalytic

activity, since a high cocatalyst-to-catalyst ratio induces catalyst degradation.24

Mn(TDCPP)Cl is completely degraded in cationic CTAB micelles. The appearance

of an absorption band at 420 nm is strong evidence for Mn(TDCPP)Cl

demetallation, as free-base TDCPP exhibits a Soret band at 421 nm. Catalyst

degradation in CTAB solutions has also been observed during catalyst
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solubilization.4 In addition, this might also explain the lower catalyst stability in the

presence of the NH4Ac cocatalyst (Table I, entry 4).

For poly(ethylene oxide)-containing surfactants (entries 6, 7 and 10) a pH drop to

4-5 has been observed, which is due to oxidative poly(ethylene oxide)

degradation.25 For the ionic surfactants (entries 2-5) the pH typically falls to 6.

Although several of these surfactants have labile groups,26 DSA and CTAB have

very stable headgroups. The observed pH drop must therefore be related oxidation

of the hydrocarbon surfactant tails, which is common in all ionic surfactants. This

is further supported by HPLC analysis27 and the known ability of Mn(TDCPP)Cl to

oxidize saturated hydrocarbons.12,28 This also implies that the poly(ethylene oxide)

chain, as well as the hydrocarbon tail of nonionic surfactants can be oxidized.

Surfactants containing stable fluorinated tails (e.g. potassium

heptadecaflourooctane sulfonate) have been considered, but porphyrin

solubilization in such micelles is insufficient. DDMAO and NaDEHP are both very

stable surfactants as can be observed form the small pH drop. In addition, the TON

of these systems is very high (nearly complete conversion). The high stability of

the NaDEHP can be ascribed to vesicle rigidity, which might slow down surfactant

supply to the catalyst. Consequently, just the surfactants in the vicinity of the

catalyst are oxidized and the resulting pH drop is small.

In all, surfactant selection is complicated, since the catalyst-surfactant system

either exhibits surfactant degradation (nonionics), catalyst degradation (CTAB,

DDMAO), or both (anioncs). In spite of the moderate reactivity, NADEHP vesicles

are interesting, since there is virtually no catalyst and surfactant degradation.
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5.4. Conclusions

It has been demonstrated that in Triton X-100 micelles Mn(TDCPP)Cl exhibits the

highest stability, and imidazole is the most active cocatalyst. The pH drop during

reaction is attributed to surfactant degradation, which is not notably affected by 1-

octene or surfactant concentration, since the catalyst generally resides in surfactant-

rich environments, even in emulsions and microemulsions. Variation of the

surfactant type has more effect, but the choice of an optimal surfactant is complex.

Nonionic micelles exhibit severe surfactant degradation, good reactivity and

complete porphyrin stability, whereas all ionic surfactant systems induce catalyst

degradation. The pH drop is less for the anionic systems, and especially NaDEHP

vesicles show promising behavior.
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sorbitan monolaurate; DSA: 1-dodecanesulfonic acid sodium salt; DDMAO: N-N-dimethyldodecyl

amine-N-oxide; Marlox B24/80: ethoxylated fatty alcohol, tert-butyl ether; ionic tergitol:

poly(ethylene glycol)-4-nonylphenyl-3-sulfopropyl ether potassium salt.

8 Triton has been chosen for its ideal solubilization characteristics (see reference 4).

9 (a) Iwanejko, R., Battioni, P., Mansuy, D., Mlodnicka, T., J. Mol. Cat. A: Chem., 1996, 111, 7-9.

(b) Van der Made, A.W., Nolte, R.J.M., Drenth, W., Rec. Trav. Chim. Pays Bas, 1990, 109, 537-551.

(c) Iwanejko, R., Mlodnicka, T., Poltowicz, J., Bull. Pol. Acad. Sci. Chem. 1995, 43, 325-336.

10 Banfi, S.; Cavalieri, C.; Cavazzini, M.; Trebicka, A. J. Mol. Cat. A: Chem. 2000, 151, 17-28.
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11 (a) Türk, H., Tay, T., Berber, H., J. Mol. Catal. 2000, 160, 323-330. (b) Thellend, A., Battioni, P.,

Mansuy, D., J. Chem. Soc., Chem. Commun., 1994, 1035-1036.

12 Battioni, P., Renaud, J.P., Bartoli, J.F., Reina-Artiles, M., Fort, M., Mansuy, D., J. Am. Chem. Soc.

1988, 110, 8462-8470.

13 Heijnen, J. H. M.; Peters, T. A.; van den Broeke, L. J. P.; Keurentjes, J. T. F., Manganese

Porphyrin Location and Micro-Environment in Micellar Solutions, in preparation.

14 Probably, the Soret peak shift is due to the formation of a (P)MnII species, which slowly converts

back to (P)MnIII in the presence of oxygen.

15 In the reactor, lower hydrogen peroxide selectivities towards the epoxide have been observed, as

compared to reactions conducted in glass vessels. This is evidence for hydrogen peroxide

dismutation.

16 After reaction UV-vis spectroscopy reveals the presence of the Mn(TDCPP)Cl Soret peak, which

indicates that no catalyst degradation takes place during reaction.

17 (a) The Mn(TDCPP)Cl-hydrogen peroxide system is known to even oxidize alkanes. (b) Maldotti,

A.; Andreotti, L.; Molinari, A.; Varani, G.; Cerichelli, G.; Chiarini, M. Green Chem. 2001, 3, 42-46.

18 0.25 µmole porphyrin, 5 µmole imidazole, 10 µmole 1-octene, 100 µmole hydrogen peroxide, 160

µmole surfactant (with 9.5 EO units each)

19 Nango, M.; Iwasaki, T.;Takeuchi, Y.; Kurono, Y.; Tokuda, J.; Oura, R. Langmuir, 1998, 14, 3272-

3278.

20 Using the steady state assumption: 
0

dt
dC O(P)MnV

==+

21 Since less surfactant results in less porphyrin solubilization sites, significant decrease of surfactant

concentration is not practical.

22 The 1-octene concentration can be increased until the micelle reaches its maximum solubilization

capacity. Solubilization experiments show that a maximum of 1.2 1-octene molecules can be

solubilized per Triton X-100 molecule. Beyond this concentration a macroscopic phase separation

takes place and an emulsion is formed.

23 Maldotti, A.; Andreotti, L.; Molinari, A.; Varani, G.; Cerichelli, G.; Chiarini, M. Green Chem.

2001, 3, 42-46.

24 Possibly the electron-donation of DDMAO to the manganese porphyrin renders the catalyst more

nucleophilic, making it more prone to attack by another catalyst.

25 This rules out that degradation of the terminal hydroxyl group in Triton X-100 causes the pH drop,

since this group is group is absent in Marlox B24/80 and ionic tergitol.

26 e.g. the benzylic methyl group in SDBS and the hydrolyzable sulfate group in SDS
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27 HPLC analysis on the SDBS and SDS solutions reveals the formation of extra components after

reaction.

28 (a) Meunier, B. Chem. Rev. 1992, 92, 1411-1456. (b) In organic solvents excess of olefin is known

to inhibit hydrocarbon oxidation, but since the Mn(TDCPP)Cl is located between the surfactant tails it

is not applicable in micellar systems.   
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Reaction Kinetics

in Micelles and Vesicles1

Abstract

Reaction kinetics have been determined for 1-octene epoxidation catalyzed by

Mn(TDCPP)Cl incorporated in Triton X-100 micelles and in NaDEHP vesicles.

Hydrogen peroxide and imidazole have been used as the oxidizing agent and

cocatalyst, respectively. For both micelles and vesicles the reaction is first order in

catalyst concentration and zero to first order in 1-octene concentration. In Triton X-

100 micelles, the reaction is first order in hydrogen peroxide, while for NaDEHP

vesicles the reaction order in hydrogen peroxide is between zero and one. Catalyst

activation is the rate-determining step and surfactant and olefin both compete for

the activated catalyst. Furthermore, the effect of surfactant concentration,

cocatalyst-to-catalyst ratio, pH and temperature on catalyst performance has been

studied.

                                                          
1 This chapter is based on: 1-Octene Epoxidation by Hydrogen Peroxide, Catalyzed by

Micelle- and Vesicle-Incorporated Manganese Porphyrins, Heijnen, J. H. M.; Blanco, M.

M.; Dahlmans, M. E.; van den Broeke, L. J. P.; Keurentjes, J. T. F. J. Mol. Catal. submitted

for publication.

Chapter 6
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6.1. Introduction

In the search for more environmentally friendly processes, the use of self-

assembled surfactant structures opens up a whole range of new possibilities. A

promising application is the incorporation of homogeneous catalysts in micelles or

vesicles to perform reactions.1 These micro-heterogeneous nano-reactors provide

distinct advantages as compared to organic solvents. The use of organic solvents is

avoided, hydrophobic and hydrophilic reactants can be contacted on a nanometer

scale and the incorporated catalysts and reactants can be separated from polar

products by micelle-enhanced ultrafiltration,2 or vesicle-enhanced ultrafiltration.3

Due to its large heat capacity and non-flammability, water allows for safer process

operation. Finally, organized media, such as vesicles or micelles can enhance the

reaction rate and selectivity.4

(a)                 

propylene

hydrogen
peroxide

propylene
oxide

water

(b)                    

Figure 1. The principle of olefin epoxidation by micelle-incorporated (a) and

vesicle-incorporated (b) manganese porphyrins, using hydrogen peroxide as

oxidizing agent.
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In Figure 1, olefin epoxidation using hydrogen peroxide as the oxidizing agent

catalyzed by a micelle-incorporated and a vesicle-incorporated catalyst is

schematically shown. In Chapter 5 several surfactant solutions have been

investigated as reaction media for 1-octene epoxidation by manganese porphyrins,

using hydrogen peroxide as the oxidizing agent.5 From this study it has been

concluded that NaDEHP vesicles and Triton X-100 micelles (Figure 2 and Table I)

are most interesting as a reaction medium. Catalyst screening in terms of catalyst

solubilization6, stability,7 and reactivity1a-c (Chapters 1 - 3) has yielded the

manganese porphyrin Mn(TDCPP)Cl (Figure 2) as the optimal catalyst.

Table I. The properties of Triton X-100 micelles and NaDEHP vesicles.

property symbol TX-100 NaDEHP dimension
molecular weight Mw 625 344 g/mole
cloudpoint Tcloud 63 - °C
critical micelle concentration CMC 0.23 - mM
critical vesicle concentration CVC - 20 mM
aggregation number Nagg 140 3300 a -
core radii r1, r2,r3 3.5,3.5,1.0 - nm
palisade layer thickness t 1.25 - -
equivalent sphere diameter σ 7.5 - nm
vesicle diameter b dv - 18 nm
number of concentric vesicles n - 4 - 5 -
volume hydrocarbon chains v - 0.48 nm3

polar headgroup area a0 - 0.64 nm2

extended hydrocarbon chain length lc - 0.91 nm
packing factor c p - 0.82 -
crystalline-gel transition temperature T0 - < 0 °C

a) calculated from dv and a0 at 100 mM, assuming a spherical vesicle; b) CNaDEHP = 100 mM;

c) The packing factor is defined as p  = v / (lc a0).

In organic solvents, the reaction mechanism of olefin epoxidation by manganese

porphyrins, using hydrogen peroxide as the oxidizing agent and imidazole as

cocatalyst has been studied (see Scheme 1).8



92

O

Mn

N

N

+

H

V

O

Mn

N

N

+

H

III

OHH

N

N
H

Mn

N

N

+

H

III

O

Mn

N

N
H

III

OH

N

N
H

H
+

olefin

epoxide H2O2

H2O

Scheme 1

The manganese porphyrin is activated by hydrogen peroxide to the oxo-species,

Mn(P)V+=O, which epoxidizes the olefin. When hydrogen peroxide is used as the

oxidizing agent a cocatalyst is required for the activation of the manganese

porphyrin.9 Often imidazole is used as a cocatalyst, which serves both as a base and

as an axial ligand. As can be seen in Scheme 1, imidazole abstracts a proton from

hydrogen peroxide facilitating its addition to the manganese porphyrin. As an axial

ligand, imidazole donates electrons to the manganese, facilitating oxo-formation

from the (P)MnIII--OOH complex.

In organic solvents, catalyst activation (1) yielding the oxo-complex has been

identified as the rate-determining step.8 The epoxidation rate, however, depends on

the olefin type,9c,10 due to parallel side reactions (3-5), which compete with olefin

epoxidation (2). All these side reactions proceed via the oxo-complex and include

hydrogen peroxide dismutation (3),9a,11 oxidative imidazole degradation (4),8,9c and
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catalyst degradation (5),9a,12 In surfactant solutions the highly active oxo-complex

can also degrade the surfactant (6). In Chapter 5 it has been demonstrated that

oxidative surfactant degradation induces a pH drop, which results in imidazole

protonation (pKa = 6.95).5 As a result, imidazole coordination to the positively

charged manganese porphyrin fails and electron donation by imidazole to the

manganese metal to facilitate oxo-formation is hampered.

OH               O(P)Mn                       OH               (P)Mn 2
Vk

22
III 1 +=→+ ++            (1)

++ +→+= IIIkV (P)Mn                         epoxide                   olefin            O(P)Mn 2           (2)

  (P)Mn                  O   H  O                        O    H    O(P)Mn III
22

k
22

V 3 ++ ++→+=        (3)

++ +→+= IIIkV (P)Mn       imidazole oxidized                 imidazole        O(P)Mn 4           (4)

+++ +→+= IIIkIIIV (P)Mn       catalyst   oxidized                 (P)Mn        O(P)Mn 5            (5)

 (P)Mn       surfactant oxidized                surfactant        O(P)Mn IIIkV 6 ++ +→+=           (6)

Presuming that catalyst activation (1) is rate-determining, an expression for the

epoxidation rate (7) can be derived.

surfactant6(P)Mn5imidazole4OH3olefin2

olefin(P)MnOH21epoxide

CkCkCkCkCk
CCCkk

dt
dC

III
22

III
22

++++
=

+

+            (7)

This paper addresses the reaction kinetics of the Mn(TDCPP)Cl incorporated in

Triton X-100 micelles and in NaDEHP vesicles. Additionally, optimal reaction

conditions have been determined.
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6.2. Experimental

Materials

The manganese porphyrin 5,10,15,20-tetrakis(2,6-dichlorophenyl)porphyrin

manganese(III)-chloride (Mn(TDCPP)Cl), shown in Figure 2, was obtained from

Porphyrin systems. Bis(2-ethylhexyl)hydrogen phosphate and t-octylphenoxypoly-

ethoxyethanol (Triton X-100) were obtained from Aldrich and Sigma, respectively,

and are also shown in Figure 2. Iso-octane, 1-octene, imidazole, dichloromethane

and TiCl4 were obtained from Merck, and hydrogen peroxide was purchased from

Acros Chimica. All chemicals were used without purification.

N N

N N

Mn

Cl

Cl

Cl

Cl

Cl

Cl

Cl

Cl

 Cl

O
CH3

CH3

CH3

CH3

CH3 (CH2CH2O)
n
-H

P
O

O

O

O

Na+-

1 3

2

Figure 2. Mn(TDCPP)Cl (1), Triton X-100 (n = 9.5) (2) and NaDEHP (3).

Methods

Vesicle solution preparation. Sodium hydroxide (1 M) was added to an aqueous

bis(2-ethylheyxl)hydrogen phosphate solution, giving sodium bis(2-

ethylheyxl)phosphate (NaDEHP). Vesicle formation was promoted by

ultrasonication.
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Porphyrin solubilization. Mn(TDCPP)Cl was dissolved in dichloromethane, and

transferred to 4 mL vials. After dichloromethane evaporation, the surfactant

solution was added to the vials and the resulting solutions were stirred magnetically

for a few days to ensure complete porphyrin solubilization. The catalyst

concentration was determined by UV-vis spectroscopy (Bio-Tek instruments

Uvikon XL spectrophotometer, 1 mm quartz cell) from the Soret peak absorption

(at 367 nm in Triton X-100 micelles and at 464 nm in NaDEHP vesicles).

Unsolubilized suspended catalyst particles, causing undesired light scattering, were

removed by centrifuging the solutions for 10 minutes at 4000 rpm (Megafuge 1.0,

Heraeus Sepatech).

Reaction experiments. Prior to reaction, imidazole was added to the surfactant

solution containing the porphyrin. The pH (Radiometer pHm220 pH meter) was

adjusted by adding sodium hydroxide (1 M) to pH 10.7 in the vesicular and to pH

7.3 in the micellar solution. Imidazole coordination was checked by UV-vis

spectroscopy. Prior to reaction, 1-octene and iso-octane were added. Iso-octane

serves as an internal standard for GC analysis. The solution was equilibrated for a

few hours. After addition of 10 wt% hydrogen peroxide solution, the reaction

started and liquid phase GC analysis was performed every 5 to 10 minutes.13

Hydrogen peroxide concentrations were determined by UV-vis spectroscopy at 410

nm, using an acidic aqueous TiCl4 indicator solution. In the case of the anionic

NaDEHP, precipitated Ti(DEHP)2 particles, causing undesired light scattering,

were removed by centrifuging 10 minutes at 4000 rpm. After reaction, the pH was

measured and catalyst concentration was measured by UV-vis spectroscopy.
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6.3. Results and Discussion

6.3.1. Porphyrin solubilization in NaDEHP vesicles

Mn(TDCPP)Cl solubilization in NaDEHP vesicles has been investigated  and the

result is shown in Figure 3. Complete Mn(TDCPP)Cl solubilization in NaDEHP

vesicles requires approximately one day and at least 180 NaDEHP surfactant

molecules are needed to solubilize one single catalyst molecule. At too low

surfactant concentrations, catalyst precipitation has been observed. If the vesicle

aggregation number remains unaffected by porphyrin incorporation, approximately

18 manganese porphyrins reside inside a single vesicle. This could allow for

porphyrin aggregation within the vesicles, which can cause catalyst degradation. In

Triton X-100 micelles, one single Mn(TDCPP)Cl is solubilized per micelle and a

minimum of 20 - 30 surfactants are needed to stabilize one Mn(TDCPP)Cl catalyst

in the aqueous solution.6
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Figure 3. Mn(TDCPP)Cl (0.25 mM) solubilization in aqueous NaDEHP vesicle

solutions (30 – 120 mM). The plot shows the Mn(TDCPP)Cl Soret band

absorbance (at 464 nm) versus the molar surfactant to added catalyst ratio.



97

6.3.2. Reaction experiments

Typical results of 1-octene epoxidation in NaDEHP vesicles are shown in Figure

4.14 Similar results have been obtained for Mn(TDCPP)Cl-catalyzed 1-octene

epoxidation Triton X-100 micelles.1a-c 1-Octene is selectively converted towards

the epoxide, 1,2-epoxyoctane, but during reaction the pH drops from 10.7 to 9.7,

terminating the reaction prior to complete 1-octene conversion. The initial turnover

frequency of 70 h-1 is relatively low due to the low hydrogen peroxide

concentration (12 mM). The hydrogen peroxide selectivity towards the epoxide of

75 %,15 is significantly higher than the selectivity observed in micellar systems

(~11 %). The 22 % catalyst degradation differs from micellar systems, where no

catalyst degradation occurs. This is presumably due to the presence of more than

one catalyst molecule per vesicle,16 although the lower Mn(TDCPP)Cl stability can

also be related to the ionic nature of the vesicles.
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Figure 4. 1-Octene epoxidation catalyzed by a vesicle-hosted manganese

porphyrin catalyst. 1-Octene (◆ ), 1-octene oxide (■ ) and hydrogen peroxide (▲)

concentrations versus time. T = 60 °C; pH0 = 10.7; CH2O2 = 12 mM; C1-octene =14

mM; CNaDEHP = 60 mM; Cimidazole = 5 mM; CMn(TDCPP)Cl = 0.25 mM.
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In the following, the influence of several process parameters will be investigated.

The reaction conditions for the micellar and vesicular solution are given in Table

II.

Table II. Reaction conditions in micellar and vesicular solutions.

parameter Triton X-100 micelles NaDEHP vesicles
Catalyst concentration (mM) 0.25 0.25
1-Octene concentration (mM) 10 10.7
Hydrogen peroxide concentration (mM) 50 12
Imidazole concentration (mM) 5 6
Surfactant concentration (mM) 160 60
pH (-) 7.3 10.7
Temperature (°C) 20 20

6.3.3. Catalyst concentration

In micelles and vesicles the reaction is first order in catalyst concentration (see

Figure 5), which is also observed for similar systems in organic solvents,8,10a,17 and

demonstrates that the catalyst activation (1) is rate-determining. The final pH for

micelles and vesicles is 5 and 10, respectively (see Table IIIa). This is caused by

differences in initial pH, but it is mainly related to the less severe surfactant

degradation in NaDEHP vesicles.18 The superior catalyst stability in the micelles is

attributed to porphyrin monomerization by the micelles.
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Figure 5. Initial epoxidation rate as a function of the Mn(TDCPP)Cl concentration

in Triton X-100 micelles (solid line, T = 20 °C; pH0 = 7.3; CH2O2 = 50 mM; C1-octene

=10 mM; CTriton X-100 = 160 mM; Cimidazole/Ccat = 20) and NaDEHP vesicles (dashed

line, T = 20°C; pH0 = 10.7; CH2O2 = 12 mM; C1-octene =10 mM; CNaDEHP = 62 mM;

Cimidazole/Ccat = 18). In the experiments the catalyst concentration has been varied

while keeping the cocatalyst-to-catalyst ratio constant. As a result the

concentration of the catalytically active mono-coordinated catalyst, remains

constant. The higher reaction rate in the micellar solution is caused by the higher

hydrogen peroxide concentration applied (see Table II).
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Table IIIa. Effect of the Mn(TDCPP)Cl concentration on 1-octene epoxidation.a

CMn(TDCPP)Cl
(mM)

repox 
b

(µµµµM/s)
TOF c
(h-1)

TON d
(-)

yH2O2 
e

(%)
Cat. Stab. f

(%)
pHend

(-)
Triton X-100 micelles
0 0 - - - - -
0.075 0.85 41 5.5 2.1 100 5.3
0.10 1.00 36 4.5 2.4 100 5.2
0.25 2.26 33 6.8 18.7 100 4.6
0.5 4.88 35 9.3 17.3 100 4.3
1.0 10.7 38 7.2 38.6 100 4.6
NaDEHP vesicles
0 0 - - - - -
0.056 0.11 7.2 16.5 13 84.0 10.2
0.141 0.41 10.6 19.4 61 75.5 10.2
0.271 0.70 9.3 18.3 52 85.1 9.6
0.376 0.91 8.7 7.1 34 92.1 9.9

a) See Figure 5 for reaction conditions; b) Initial epoxidation rate (dCepoxide
. dt -1); c) Initial

turnover frequency (dCepoxide 
.
 dt-1. Ccat

-1); d) Turnover number (Cepox,4hr 
. Ccat,0

-1) after 1 h for

micelles and 4 h for vesicles e) Hydrogen peroxide selectivity towards the epoxide (Cepox,4hr 
.

(CH2O2,0 - CH2O2,4hr)-1) after 1 h for micelles and 4 h for vesicles; f) Catalyst stability after

reaction (Ccat,end
. Ccat,0

-1).

6.3.4. Hydrogen peroxide concentration

Experiments have been conducted at various hydrogen peroxide concentrations and

the results are shown in Figures 6 and 7 and Table IIIb. In Triton X-100 micelles,

the reaction is first order in hydrogen peroxide concentration, which is also

observed in organic solvents.8 In NaDEHP vesicles, however, this order is between

zero and one, which indicates hydrogen peroxide dismutation (see equation 7). In

the vesicles, competition between hydrogen peroxide and 1-octene for the activated

catalyst reduces the hydrogen peroxide selectivity towards the epoxide (see Figure

7). In the micellar system this decrease is less pronounced. The observed trend can

also be explained by saturation of the vesicle with hydrogen peroxide. Only limited

amounts of hydrogen peroxide can be solubilized in the hydrophobic vesicles and

hydrogen peroxide addition to saturated vesicles fails to increase the reaction rate.
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Figure 6. Initial epoxidation rate as a function of the hydrogen peroxide

concentration in Triton X-100 micelles (solid line, T = 20°C; pH0 = 7.3; C1-octene = 10

mM; CMn(TDCPP)Cl = 0.25 mM; Cimidazole = 6 mM; CTriton X-100= 160 mM) and in NaDEHP

vesicles (dashed line, T = 20°C; pH0 = 10.7; C1-octene = 10.7 mM; CMn(TDCPP)Cl = 0.25

mM; Cimidazole = 5 mM; CNaDEHP = 62 mM).

Table IIIb. Effect of hydrogen peroxide concentration on 1-octene epoxidation.a

CH2O2
(mM)

repox
(µµµµM/s)

TOF
(h-1)

TON
(-)

yH2O2
(%)

Cat. Stab.
(%)

pHend
(-)

Triton X-100 micelles
0 0 0 0 - - -
5.0 0.46 6 2.1 22.8 100 -
26.8 1.56 22 6.8 18.5 100 -
48.5 2.26 33 6.8 18.7 100 4.6
104 5.28 76 5.0 4.3 100 4.7
NaDEHP vesicles
0 0 0 0 - - -
2.6 0.25 3.1 4.6 63 93 10.5
6.2 0.15 2.2 6.6 75 62 10.4
12.2 0.70 9.3 18.3 52 85 9.6
23.0 2.53 34.3 19.2 23 81 8.2
44.7 2.90 33.9 29.4 46 93 7.8
118 3.62 42.9 19.8 18 85 7.8

a) See Figure 6 for reaction conditions and Table IIIa for definitions.

In Triton X-100 micelles the hydrogen peroxide replaces the water in the palisade

layer. Therefore, the hydrogen peroxide concentration in the palisade layer is in

equilibrium with bulk water, which explains the straight line observed in Figure 6.
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Figure 7. Hydrogen peroxide selectivity towards the epoxide as a function of the

hydrogen peroxide concentration in Triton X-100 micelles (solid line, after 1 h, T =

20°C; pH0 = 7.3; C1-octene = 10 mM; CMn(TDCPP)Cl = 0.25 mM; Cimidazole = 6 mM; CTriton X-

100= 160 mM. ) and in NaDEHP vesicles (dashed line, after 4 h, T = 20°C; pH0 =

10.7; C1-octene = 10.7 mM; CMn(TDCPP)Cl = 0.25 mM; Cimidazole = 5 mM; CNaDEHP = 62

mM).

6.3.5. 1-Octene concentration

In both micellar and vesicular solutions the reaction is first order in 1-octene at low

1-octene concentrations, while at high 1-octene concentrations a zero order

dependency is observed (see Figure 8). Although in organic solvents the order of

the olefin is usually zero,8,10a an order between 0 and 1 has also been observed.10a

The epoxidation rate depends on the olefin concentration, since the olefin competes

with several species for the activated catalyst, (P)MnV+=O. As a result, the reaction

is first order in 1-octene at low olefin concentrations, and zero order at higher 1-

octene concentrations (see equation 7). The resulting increase in hydrogen peroxide

selectivity towards the epoxide is indeed observed for NaDEHP vesicles (see

Figure 9).
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Figure 8. Initial epoxidation rate as a function of the 1-octene concentration in

Triton X-100 micelles (solid line, T = 20°C; pH0 = 7.3; CH2O2 = 50 mM; CMn(TDCPP)Cl =

0.25 mM; Cimidazole = 6 mM; CTriton X-100= 160 mM) and in NaDEHP vesicles (dashed

line, T = 20°C; pH0 = 10.7; CH2O2 = 12 mM; CMn(TDCPP)Cl = 0.25 mM; Cimidazole = 5 mM;

CNaDEHP = 62 mM).
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Figure 9. Hydrogen peroxide selectivity towards the epoxide after 4 hr as a

function of the 1-octene concentration. T = 20°C; pH0 = 10.7; CH2O2 = 12 mM;

CMn(TDCPP)Cl = 0.25 mM; Cimidazole = 5 mM; CNaDEHP = 62 mM.
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The catalyst degradation in NaDEHP vesicles is enhanced at increasing 1-octene

concentrations (see Table IIIc). Possibly, lubrication by 1-octene increases the

lateral diffusion coefficient of the porphyrin within the vesicle. As a result,

porphyrin aggregation and subsequent degradation are enhanced. Vesicle collapse

at high 1-octene concentrations, causing porphyrin precipitation can also explain

the observed trend.

Table IIIc. Effect of 1-octene concentration on 1-octene epoxidation.a

C1-octene
(mM)

repox
(µµµµM/s)

TOF
(h-1)

TON
(-)

yH2O2
(%)

Cat. Stab.
(%)

pHend
(-)

Triton X-100 micelles
0 0 0 0 - - -
6.11 0.83 12 2.5 3.3 100 4.3
10.69 2.26 33 6.8 16.7 100 4.6
14.84 2.18 31 6.2 12.0 100 4.2
27.4 2.75 40 7.4 11.5 100 4.4
51.4 2.24 32 8.8 17.3 100 4.7
NaDEHP vesicles
0 0 0 0 - - -
2.8 0.42 5.0 4.6 23 91 9.9
5.0 0.36 5.1 6.4 32 79 9.4
10.7 0.70 9.3 18.3 52 85 9.6
25.2 0.80 10.6 16.3 50 60 9.1
53.5 0.89 11.8 11.9 60 51 8.9

a) See Figure 8 for reaction conditions and Table IIIa for definitions.

6.3.6. Imidazole concentration

The initial rate versus the imidazole concentration exhibits in both micelles and

vesicles an optimum at 5-6 mM imidazole (see Figure 10). The initial increase in

reaction rate is attributed to the higher catalytic activity of the monoligated

porphyrin as compared to the nonligated porphyrin (see Figure 11).19 The decrease

in reaction rate at higher imidazole concentrations is attributed to bisligation,10a,19b

which blocks the catalytic site, or to imidazole oxidation, which reduces the

amount of (P)MnV+=O available for olefin epoxidation. 8,10a, 19b
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Figure 10. Initial epoxidation rate as a function of the imidazole concentration in

Triton X-100 micelles (solid line, T = 20°C; pH0 = 7.3; C1-octene = 10 mM; CH2O2 = 50

mM; CMn(TDCPP)Cl = 0.25 mM; CTriton X-100= 160 mM) and NaDEHP vesicles (dashed

line, T = 20°C; pH0 = 10.7; C1-octene = 11 mM; CH2O2 = 12 mM; CMn(TDCPP)Cl = 0.25

mM; CNaDEHP = 62 mM).

The maximum reactivity at 5-6 mM corresponds to a molar cocatalyst-to-catalyst

ratio of 20-24. Similar curves have been obtained in organic solvents, but the

optimal ratio was slightly lower (10-25),8,9c which can be explained as follows.

Imidazole is distributed between water and the micro-heterogeneous phase, while

the catalyst is exclusively present in the micro-heterogeneous phase. Therefore, a

higher amount of imidazole is required in the micro-heterogeneous systems as

compared to an organic solvent. In addition, the coordination equilibria (K1 and K2

in Figure 11) differ from an organic solvent. In both micelles and vesicles the

catalyst stability significantly decreases at high imidazole concentrations (see

Table IVa), but the cause for this effect is unknown.
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Figure 11. Imidazole monoligation and bisligation to manganese porphyrin.

Nonligated (left), monoligated (middle) and bisligated (right).

Table IVa. Effect of imidazole concentration on 1-octene epoxidation.a

Cimidazole
(mM)

repox
(µµµµM/s)

TOF
(h-1)

TON
(-)

yH2O2
(%)

Cat. Stab.
(%)

pHend
(-)

Triton X-100 micelles
0 0.06 1 0.7 3.8 100 5.0
0.3 0.29 4 1.1 2.1 100 5.1
1.0 0.73 10 2.1 3.0 100 4.9
2.6 0.64 9 3.2 3.5 100 4.6
6.0 2.26 33 6.8 15.5 100 4.4
10.0 1.77 25 6.6 8.2 100 4.7
49.1 1.43 20 8.7 4.5 54 6.5
NaDEHP vesicles
1.1 0.35 5.0 9.2 28 76 10.2
2.5 0.44 6.3 12.4 60 75 9.7
4.8 0.70 9.3 18.3 52 85 9.6
7.4 0.61 7.5 8.4 50 87 -
10.2 0.47 7.0 8.8 47 89 9.7
20.0 0.42 6.1 12.0 37 60 9.2

a) See Figure 10 for reaction conditions and Table IIIa for definitions.

6.3.7. Surfactant concentration

Since surfactant competes with 1-octene for the activated catalyst (equations 2 and

6), higher surfactant concentrations are expected to enhance surfactant oxidation

and this will decrease the epoxidation rate. Although there is some scattering in the

results, the decrease in epoxidation rate with increasing NaDEHP concentration

can be observed in Figure 12. The observed trend can also be caused by a dilution

effect, since more surfactant results in a higher vesicle hold-up. This reduces the
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concentration of reactants and catalyst, and thus decreases the epoxidation rate.

The observed increase in reaction rate at higher Triton X-100 concentrations is not

understood. The hydrogen peroxide selectivity towards the epoxide decreases at

higher NaDEHP concentrations (see Table IVb), which is attributed to surfactant

degradation. The catalyst stability in NaDEHP vesicles increases with increasing

surfactant concentration, which is attributed to the presence of fewer catalyst

molecules per vesicle. This slightly reduces the catalyst aggregation and the

subsequent degradation.
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Figure 12. Initial epoxidation rate as a function of the surfactant concentration in

Triton X-100 micelles (solid line, T = 20°C; pH0 = 7.3; C1-octene = 10 mM; CH2O2 = 50

mM; CMn(TDCPP)Cl = 0.25 mM; Cimidazole = 6 mM) and NaDEHP vesicles (dashed line,

T = 20°C; pH0 = 10.7; C1-octene = 11 mM; CH2O2 = 12 mM; CMn(TDCPP)Cl = 0.25 mM;

Cimidazole = 5 mM).
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Table IVb. Effect of surfactant concentration on 1-octene epoxidation.a

Csurfactant
(mM)

repox
(µµµµM/s)

TOF
(h-1)

TON
(-)

yH2O2
(%)

Cat. Stab.
(%)

pHend
(-)

Triton X-100 micelles
8 1.22 18 4.2 6.2 100 4.6
16 1.54 22 5.6 8.0 100 4.5
80 1.73 25 4.1 6.4 100 4.4
159 2.26 33 6.8 18.6 100 4.6
NaDEHP vesicles
62 0.70 9.3 18.3 52 85 9.6
77 0.67 8.9 12.6 53 86 10.2
92 0.34 4.3 8.7 48 92 9.5
107 0.64 8.5 9.4 49 91 10.4
123 0.14 1.6 2.9 12 95 9.7

a) See Figure 12 for reaction conditions and Table IIIa for definitions.

6.3.8. pH

The initial epoxidation rate is depicted against the pH in Figure 13 and additional

results are given in Table Va. In Triton X-100 micelles the rate significantly

increases above a pH of 10. In Scheme 1 hydrogen peroxide (pKa = 10.65) addition

to the manganese porphyrin is the rate-limiting step. The hydrogen peroxide is first

deprotonated, which is a very fast equilibrium. The OOH- slowly reacts with the

manganese center. A higher pH results in a higher OOH- concentration, which

enhances the rate-limiting step. For NaDEHP vesicles similar behavior is observed,

but the increase occurs above a pH of 11. This might be related to the lower pH in

the anionic vesicles, caused by electrostatic repulsion of OH- and attraction of

H3O+. In Triton X-100 micelles, the slight decrease in the initial epoxidation rate at

a pH of 7 is related to the pKa of imidazole, which is 6.95. Below a pH of 7

imidazole becomes protonated, which inhibits its cocatalytic functions. As a result

the reaction terminates, which also occurs because of the pH drop during reaction.

The observed results are in contrast with the results reported by Anelli et al.19 who

have shown that a pH of 4.5 - 5.0 is optimal for a DCM-water system. In their

system the neutral deprotonated imidazole is extracted to the DCM phase, and

therefore the reaction still proceeds at such a low pH.
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Figure 13. Initial reaction rate versus the initial pH in Triton X-100 micelles (solid

line, T = 20°C; C1-octene = 10 mM; CH2O2 = 50 mM; CMn(TDCPP)Cl = 0.25 mM; Cimidazole =

6 mM; CTriton X-100= 160 m) and in NaDEHP vesicles (dashed line, T = 20°C; C1-octene

= 11 mM; CH2O2 = 12 mM; CMn(TDCPP)Cl = 0.25 mM; Cimidazole = 5 mM; CNaDEHP = 62

mM).

Catalyst stability in NaDEHP vesicles significantly decreases at a high pH (See

Table Va). This can be due to a higher imidazole concentration at higher pH, which

results in bisligation.

Table Va. Effect of pH on 1-octene epoxidation.a

pH
(-)

repox
(µµµµM/s)

TOF
(h-1)

TON
(-)

yH2O2
(%)

Cat. Stab.
(%)

pHend
(-)

Triton X-100 micelles
7.0 1.38 20 4.5 3.8 100 4.5
7.3 2.26 33 6.8 18.6 100 4.6
8.1 2.35 34 5.8 9.4 100 5.0
9.0 2.34 34 5.8 8.4 100 4.3
10.0 1.52 22 5.1 7.7 100 4.7
NaDEHP vesicles
9.8 0.30 4.2 6.9 28 88 8.5
10.1 0.38 5.1 5.7 22 90 9.0
10.7 0.70 9.3 18.3 52 85 9.6
11.0 0.90 12.1 10.4 22 85 10.6
11.5 3.81 51.4 20.4 52 33 8.2

a) See Figure 13 for reaction conditions and Table IIIa for definitions.
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6.3.9. Temperature

Experiments have been conducted at temperatures between 20 and 80 °C and the

results are shown in Figure 14 and Table Vb. The initial reaction rate shows an

exponential increase with temperature and the Arrhenius plot in the inset exhibits a

straight line for both micellar and vesicular systems. For Triton X-100 micelles an

activation energy of 37 kJ.mole-1 and a pre-exponential factor of 3.7.105 L.mole-1.s-1

have been calculated. For NaDEHP vesicles the values are 39 kJ.mole-1 and 2.2.106

L.mole-1.s-1, respectively. Similar values have been reported for propylene

epoxidation by hydrogen peroxide, catalyzed by alumina-supported Fe(TPFPP)Cl

(Eact = 36 kJ.mole-1 and A = 1.1.106 L.mole-1.s-1).11
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Figure 14. Initial reaction rate versus temperature in Triton X-100 micelles (solid

line, pH0 = 7.3; C1-octene = 10 mM; CH2O2 = 50 mM; CMn(TDCPP)Cl = 0.25 mM; Cimidazole =

6 mM; CTriton X-100= 160 mM.  ) and NaDEHP vesicles (dashed line, pH0 = 10.7; C1-

octene = 11 mM; CH2O2 = 12 mM; CMn(TDCPP)Cl = 0.25 mM; Cimidazole = 5 mM; CNaDEHP =

62 mM). The inset depicts the Arrhenius plot for Triton X-100 micelles (solid line)

and NaDEHP vesicles (dashed line). The result at 80 °C is not depicted for Triton

X-100, since this temperature is above the cloudpoint of Triton X-100 (63°C) and

the solution is thus a two-phase system.
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The decreased catalyst stability in NaDEHP vesicles at higher temperature is

related to the Arrhenius law (see Table Vb). It is not caused by an increase in

lateral diffusion coefficient due to a gel-crystalline transition, since above 0°C the

vesicle bilayer is in a gel state (see Table I). In Triton X-100 micelles the hydrogen

peroxide selectivity towards the epoxide increases with temperature (see Table

Vb). This can be attributed to the higher hydrophobicity of the poly(ethylene

oxide) headgroups of Triton X-100 at higher temperature. As a result, water and

hydrogen peroxide are expelled from the Triton X-100 palisade layer and a lower

hydrogen peroxide concentration results in a higher selectivity of hydrogen

peroxide towards the epoxide. The reaction rate seems to be unaffected by the

decrease in hydrogen peroxide concentration in the micelles.

Table Vb. Effect of temperature on 1-octene epoxidation.a

Temperature
(°C)

repox
(µµµµM/s)

TOF
(h-1)

TON
(-)

yH2O2
(%)

Cat. Stab.
(%)

pHend
(-)

Triton X-100 micelles
20 1.47 21 4.7 6.0 100 4.6
30 2.16 32 5.3 7.6 100 4.6
40 3.10 45 10.6 12.4 100 4.2
60 7.88 114 7.0 19.3 100 3.9
80 b 5.84 82 6.8 28.3 100 3.9
NaDEHP vesicles
20 0.70 9.3 18.3 52 85 9.6
40 1.66 20.5 18.1 76 82 9.6
60 5.75 69.8 21.1 79 78 9.7
80 10.2 137 21.5 66 55 10.1

a) See Figure 14 for reaction conditions and Table IIIa for definitions. b) Experiment

performed above the Triton X-100 cloud point (63 °C).

6.3.10. Kinetic model

The rate dependencies for catalyst, hydrogen peroxide and 1-octene concentration

(Figures 5, 6 and 8) have been used to determine the reaction rate constants in

equation 7. Models with different side reactions have been tested. The model

accounting for all side-reactions (Table VI, model 4) gives the best fit for both the
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micelles and the vesicles. For the vesicles model 2 and 4 are equally good, which

indicates that the lumped side reactions (ΣkiCi) are of minor importance in the

vesicles. This illustrates that the NaDEHP surfactant is indeed not significantly

degraded. Furthermore, hydrogen peroxide dismutation takes place at a five times

lower rate as the 1-octene epoxidation, which agrees with the experimentally

observed hydrogen peroxide selectivity of 80 %. Model 4 predicts a k1 of 0.37

L.mole-1.s-1.

Table VI. Kinetic models for Triton X-100 micelles and NaDEHP vesicles
# conditions description k1

(L.mole-1.s-1)
k3/k2
(-)

ΣΣΣΣ kiCi/k2
(L.mole-1) a

R2

(-) b

Triton X-100 micelles
1 ki = 0, i = 3-6 no competitive side reactions 0.19 0 0 0.905
2 ki = 0, i = 4-6 H2O2 dismutation as single side reaction 0.22 0.03 0 0.958
3 k3 = 0 no H2O2 dismutation, reactions 4-6 lumped 0.25 0 3.62 0.964
4 - all side reactions included 0.25 0 b 3.62 0.964
NaDEHP vesicles
1 ki = 0, i = 3-6 no competitive side reactions 0.13 0 0 0.674
2 ki = 0, i = 4-6 H2O2 dismutation as single side reaction 0.33 0.20 0 0.903
3 k3 = 0 no H2O2 dismutation, reactions 4-6 lumped 0.54 0 36.0 0.706
4 - all side reactions included 0.37 0.22 1.79 0.905

a) Σ kiCi = k4Cimidazole + k5Ccat + k6Csurfactant. b) R2 is defined as 1 -  ( Σ (yi,m - yi,p)2 ) / (Σ yi,m
2) ),

in which yi,m is the measured initial reaction rate and yi,p is the predicted initial reaction rate.

b) Since a negative k3/k2 has been predicted, zero has been chosen as best alternative.

For Triton X-100 micelles model 3 and 4 give identical results, which indicates that

hydrogen peroxide degradation is of minor importance in Triton X-100 micelles.

The ratio between the lumped side reactions and the 1-octene (10 mM) epoxidation

is 0.36 in the micelles, which shows that Triton X-100 surfactant degradation

occurs. A k1 of 0.25 L.mole-1.s-1 is predicted, which is lower as compared to the

vesicles. This can be related to the difference in initial pH.

The first order dependency in both catalyst and hydrogen peroxide suggest that the

addition of OOH- to the manganese porphyrin is the rate-limiting step in the

formation of the oxo-complex. The significant reaction acceleration at a pH above

the pKa of hydrogen peroxide is further evidence for this mechanism.
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6.3.11. Vesicles versus micelles

A major drawback of the micelles is their susceptibility to oxidative degradation,

while in vesicles practically no surfactant degradation occurs. Furthermore, due to

their small size, micelles require more dense membranes for catalyst recovery than

vesicles.20 Micelles can host more catalyst molecules per surfactant than vesicles.

A minimum of 20-30 surfactants are needed to solubilize one Mn(TDCPP)Cl

molecule in Triton X-100 micelles, whereas this number is 180 for NaDEHP

vesicles. In addition, in micellar solutions surfactant concentrations up to 30 wt%

can be attained, whereas vesicles are usually formed at lower surfactant

concentration (< 5 wt%).21 As a result, a significantly higher catalyst concentration

can be realized in micellar solutions as compared to vesicular solutions. This effect

outweighs the small differences in reaction rate between both systems.

Furthermore, catalyst degradation occurs in vesicular systems, whereas the catalyst

remains unaffected in micelles. Consequently, the micellar system is preferred

from an economic point of view, since the catalyst is significantly more expensive

than the surfactant.

6.4. Conclusions

A comparison has been made between Triton X-100 micelles and NaDEHP

vesicles for the 1-octene epoxidation by Mn(TDCPP)Cl. For both micelles and

vesicles the reaction is first order in catalyst concentration and zero to first order in

1-octene concentration. In Triton X-100 micelles, the reaction is first order in

hydrogen peroxide, while in NaDEHP vesicles reaction orders between zero and

one have been observed. It follows that catalyst activation is the rate-determining

step and surfactant and olefin both compete for the activated catalyst. NaDEHP

surfactants are more stable than Triton X-100 surfactants, and as a result the

hydrogen peroxide selectivity towards the epoxide is much higher in the vesicular
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solution. Mn(TDCPP)Cl degradation in the vesicles is attributed to the presence of

several catalyst molecules per vesicle. Optimal reaction conditions include a high

pH and temperature and an imidazole-to-catalyst ratio of 20-25.
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Process Design and Process Economics1

Abstract

This chapter describes a process design for propylene epoxidation by hydrogen

peroxide, catalyzed by a micelle-incorporated homogeneous catalyst. A

comparison of reaction rate and mass transfer rate demonstrates that an efficient

reactor should have a moderate mixing intensity and a large liquid hold-up. Since

the heat of reaction is high, heat removal is crucial and a reactor with a relatively

high (heat transfer) area over volume ratio is required. In this respect, a tubular

reactor is preferred. A conceptual process design has been implemented in Aspen

Plus and the equipment has been sized. Process economics demonstrate that the

propylene oxide production costs are dominated by the raw materials costs. Capital

investment costs are low and amount to 24.1 million USD. The propylene oxide

cost price is 845 USD/T, which is low as compared to the current PO market price

of 1411 USD/T. Under the given assumptions a PO process based on micellar

catalysis is economically feasible.

                                                          
1 This chapter is based on: Process Design for Propylene Epoxidation by Hydrogen

Peroxide Catalyzed by Micelle-Incorporated Manganese Porphyrins, Heijnen, J. H. M.;

van den Broeke, L. J. P.; Keurentjes, J. T. F. Ind. Eng. Chem. Res., submitted for

publication.

Chapter 7
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7.1. Introduction

In the last decade a growing amount of research has been conducted in the field of

micellar catalysis. In micellar catalysis, a homogeneous catalyst is incorporated in

colloidal entities, such as micelles or vesicles to perform reactions.1 As a result,

organic solvents are avoided, hydrophobic and hydrophilic reactants can be

contacted on a nano-scale and the micelle-incorporated catalyst can be recovered

by micellar-enhanced ultrafiltration.2 Water allows for safe process operation as a

result of its large heat capacity and non-flammable character. Additionally, an

organized medium such as a micelle is known to enhance reaction rate and

selectivity by positioning of reactants and by in-situ extraction of products, which

prevents consecutive reactions.3

Although various reactions have been performed in micelles, no process design has

been reported for such routes. This chapter describes the process design for the

industrially relevant production of propylene oxide, based on micellar catalysis.

The two commercial propylene oxide processes suffer from major drawbacks, like

corrosive conditions, use of organic solvents, substantial waste production and co-

product formation.4 A process based on micellar catalysis can overcome these

problems. A micelle-incorporated manganese porphyrin is used as the catalyst and

hydrogen peroxide is used as the oxidizing agent (see Figure 1).
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Figure 1. Propylene epoxidation by a micelle-incorporated manganese porphyrin,

using hydrogen peroxide as the oxidizing agent.

The system is described in terms of mass transfer, reaction kinetics and heat

removal. A conceptual design is implemented in Aspen Plus, and an economic

evaluation allows for a comparison with existing and emerging propylene oxide

routes. The purpose of this chapter is to give an indication of costs involved and to

serve as a guide for similar processes.

7.2. Basis of Design

The process design is based on an annual propylene oxide production of 150.000

metric tons. The reaction kinetics are based on a micellar reaction system, which

has previously been described in detail.1a-c,5 It is assumed that no hydrogen

peroxide dismutation, or surfactant and catalyst degradation take place.6 The

catalyst, cocatalyst and surfactant are assumed to be retained quantitatively in the

ultrafiltration unit.7 Furthermore, foaming problems are recognized, but not taken

into account in this process design.

7.3. Process Flow Diagram

A conceptual process flow diagram is presented in Figure 2. A multi-tubular

reactor is considered to be optimal for the current process. Gaseous propylene and
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an aqueous 30 wt% hydrogen peroxide solution are fed into the tubular reactor (a)

and converted into propylene oxide and water. Propane is the main impurity in

propylene (7 wt%). The reactor is operated at 60 °C and 10 bar.8 The plug flow

character in the tubular reactor ensures complete hydrogen peroxide conversion.9

In this way an energy-consuming hydrogen peroxide recovery step is

circumvented.10,11 Additionally, the ultrafiltration membrane is not exposed to high

hydrogen peroxide concentrations, which decreases the chemical stability

requirements for the membrane. The catalyst and surfactant are recovered in the

ultrafiltration unit (b).12 As the hydrophobic propylene and propane are

predominantly situated in the micellar phase, a large part of these components are

retained by the ultrafiltration membrane. The membrane performance will be

further discussed in paragraph 7.5.
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Figure 2. Process flow diagram. a) Multi-tubular epoxidation reactor; b)

ultrafiltration unit; c) PO-water splitter; d) PO-propane splitter.

Due to the high relative volatility of the key components (6 < αij < 9), distillation is

the best technology for purification of the crude propylene oxide. In distillation

column (c) propane and propylene oxide are separated from water. Propane is
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separated from propylene oxide in distillation column (d). The process produces

technical grade propylene oxide with a purity of 99.7 wt%. In the following

section, the reactor design is discussed in more detail.

7.4. Reactor Design

In the reactor a gas phase coexists with a water phase and a micelle phase (see

Figure 3).13 The presence of surfactant at the gas-liquid interface significantly

reduces surface tension and thus results in smaller gas bubbles, with a higher

specific area,14 which enhances gas-liquid mass transfer. At the gas-liquid interface

the surfactants form a highly ordered surfactant layer, which might limit mass

transfer. Micelles are present in the liquid boundary layer at the gas-liquid

interface, since the micelle diameter (2 – 10 nm) is significantly smaller than the

boundary layer thickness (10 – 100 µm). As a result, reaction can take place in this

boundary layer and gas-liquid mass transfer can be enhanced by micelles

transporting propylene from the gas-liquid interface into the liquid bulk. The latter

is referred to as the grazing or shuttling effect.15

7.4.1. Mass transfer

The mass transfer processes occurring in the reactor are depicted in Figure 3.

Propylene diffuses from the gas bubble to the gas-liquid interface (1), where it

diffuses through the structured surfactant layer (2). From the gas-liquid interface,

propylene diffuses to the liquid bulk (3), and to the micelle-incorporated catalyst

(4). Hydrogen peroxide diffuses from the liquid bulk to the micelle (5), where the

catalyst enables the epoxidation of hydrogen peroxide and propylene to propylene

oxide and water. The products diffuse with similar rates to the liquid bulk.
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Figure 3. Mass transfer phenomena in the reactor. 1) From gas bulk to gas-liquid

interface. 2) Through structured surfactant layer. 3) From gas-liquid interface to

liquid bulk. 4) From liquid bulk to micelle. 5) From micelle to liquid-bulk.

To determine the rate-determining mass transfer step, typical kla values have been

estimated and are given in Table I.17 To make the analysis independent of reactor

type, all mass transfer coefficients have been estimated by using a Sherwood

number of 2.16

Table I. Estimated mass transfer rates.17

# description Rate kla (s-1)
1 From gas bulk to gas-liquid interface kgagεg 12
2 Through structured surfactant layer kslagεg 240
3 From gas-liquid interface to liquid bulk klagεg 1.2.10-3

4 From liquid bulk to micelle kmamεlεm 6.5.107

5 From micelle to liquid bulk kmamεlεm 6.5.107

Mass transfer of propylene from the gas-liquid interface to the liquid bulk is the

rate-determining step. Due to the very small diffusion length (5 nm) and the high

specific area, mass transfer to and from the micelles is instantaneous. The

structured surfactant layer poses no mass transfer resistance, due to the small
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diffusion length (~5 nm).18 Mass transfer in the gas phase in not limiting due to the

high diffusion coefficient in gases.

7.4.2. Propylene epoxidation

Olefin epoxidation catalyzed manganese porphyrins using hydrogen peroxide as

the oxidizing agent can be described by the following reaction scheme.

OH         O(P)Mn                OH          (P)Mn 2
Vk

22
III 1 +=→+ ++            (1)

++ +→+= IIIkV (P)Mn         epoxide        olefin            O(P)Mn 2            (2)

Research on olefin epoxidation by manganese porphyrins in Triton X-100 micelles

has revealed that the reaction is first order in catalyst and hydrogen peroxide

concentration.19 This demonstrates that oxygen transfer to the olefin is relatively

fast and that catalyst activation to the oxo-complex, (P)MnV+=O, is the rate-

limiting reaction step.20 For the latter, an activation energy of 37 kJ.mole-1 and a

pre-exponential factor of 3.7.105 L.mole-1.s-1 have been determined.21 A significant

advantage of the homogeneous porphyrin catalyst is its high selectivity of

propylene towards the propylene oxide. Experiments have demonstrated that no

glycol formation takes place.22

In steady state operation, the amount of propylene supplied to the reaction zone

equals the amount of propylene converted in the reaction, which is expressed in

equation (3),

l
OH

l
cat1l

bl,
p

il,
pggl 22

CCk)C(Cak ε=−ε            (3)
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where kl is the mass transfer coefficient at the liquid side of the gas-liquid

interface, ag is the specific gas bubble area, εg is the gas hold-up, Cp
l,i is the

propylene concentration at the liquid side of the gas-liquid interface, Cp
l,b is the

propylene concentration in the liquid bulk, εl is the liquid hold-up, k1 is the reaction

rate constant, Ccat
l is the catalyst concentration in the liquid and CH2O2

l is the

hydrogen peroxide concentration in the liquid, respectively. In an efficient reactor,

the reaction rate and mass transfer rate should be of the same order of magnitude.23

To evaluate the relative rate of reaction to mass transfer, the reaction term in

equation (3) has been calculated from the experimentally determined results and

from the applied concentrations.24 At a reactor temperature of 60°C the reaction

rate constant, k1, is 6 L.mol-1.s-1.21 Assuming a liquid hold-up of 90%, catalyst

concentration of 2.10-3 M,25 and a hydrogen peroxide concentration of 1 M, the

reaction rate is 1.10-2 mol.L-1.s-1. With a maximum propylene solubility in the

surfactant solution of 0.4 M,26 an optimal klaεg value of 2.6.10-2 s-1 has been

calculated.

In addition to an optimal klaεg, the ratio of the liquid phase volume to the volume

of the liquid boundary layers, β, must be chosen in such a way that the reactor

volume is effectively exploited.27 The choice of β depends upon the relative rates

of reaction and mass transfer within the liquid phase. As the epoxidation is a

relatively slow reaction, a reactor with a high liquid hold-up, and thus a high β, is

optimal. In Table II the hydrodynamic characteristics of gas-liquid reactors are

tabulated and it can be seen that tubular reactors are preferred (klaεg of about 0.02 -

0.03 s-1 and a high β).
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Table II. Hydrodynamic characteristics of common gas-liquid reactors.

G-L reactor kla
[s-1]

a
[m-1]

εεεεG

[-]
klagεεεεg

[s-1]
ββββ
[-]

Bubble Column 0.005 - 0.01 20 < 0.2 < 0.002 103 - 104

Spray Column 0.0007 - 0.015 10 - 100 > 0.8 0.0006 - 0.015 10
Packed Column a 0.005 - 0.02 200 > 0.95 0.005 - 0.02 10 - 100
Plate Column 0.01 - 0.05 100 - 400 > 0.8 0.008 - 0.05 10
Pipe / Tube 0.01 - 0.7 50 - 2000 0.05 - 0.95 0.0005 - 0.7 10 - 105

Stirred Tank 0.02 - 0.2 200 < 0.1 0.002 - 0.02 100
Jet (Loop) 0.01 - 2.2 200 - 2000  < 0.5 0.005 - 1.1 10
Venturi Ejector 0.1 - 3 1000 - 7000 ~ 0.5 0.05 - 1.5 10
Motionless mixer 0.1 - 3 1000 - 7000 ~ 0.5 0.05 - 1.5 10

a) Countercurrent

7.4.3. Heat removal

Heat removal in the reactor is an important issue, since propylene epoxidation is a

strongly exothermic reaction with a reaction enthalpy, ∆Hr, of 220 kJ mole-1. The

reactor volume required for the desired conversion and the reactor wall area

required for heat removal must be balanced. The following heat balance describes

the situation.

rrlmr PHTUA ∆=∆            (5)

The overall heat transfer coefficient, U, is estimated at 1000 W m-2 K-1 and Ar is the

reactor wall surface area. The logarithmic temperature difference, ∆Tlm, of 22 °C is

calculated from 60 °C reactor temperature, 32 °C inlet cooling water and 43°C

outlet cooling water. The reactor production rate, Pr, is calculated from the annual

propylene oxide production capacity of 150.000 metric tons. Assuming 8000

production hours per year the reactor production rate must be 90 mole s-1. With

equation (5), the required reactor wall area has been calculated to be 900 m2. The

ratio of reactor wall area over reactor volume for tubular reactors is given by
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equation (6), from which an optimal reactor diameter, Dr, can be calculated for a

given reactor volume.

rr

r

D
4

V
A =





              (6)

The optimal reactor volume is an economical trade-off between reactor

depreciation costs and cost of feedstock loss. In a larger reactor a higher hydrogen

peroxide conversion can be achieved and a smaller amount of hydrogen peroxide is

wasted. In Figure 4 the optimal reactor volume has been determined form the

minimum of annual reactor depreciation costs and annual feedstock costs.28
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Figure 4. Combined costs of reactor depreciation and feedstock versus the reactor

volume.

The optimal reactor volume is 59 m3 and with equation (6) an optimal reactor

diameter of 0.26 m has been calculated. Since a length-over-diameter ratio of 50 is

required to ensure plug flow, a tube length of 15 m is chosen. Consequently, 75

tubes are required in the multi-tubular epoxidation reactor.
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7.5. Equipment Sizing

To size the membrane section and the two distillation columns, the process in

Figure 2 has been implemented in the Aspen Plus flowsheeting program (version

11.1). UNIQUAC has been used as the property method.29 The tubular reactor has

been simulated by a plug flow reactor and the micellar solution in the reactor has

been treated as a single phase.30

Distillation columns have been modeled by DWSTU blocks, which use the Fenske

Underwood design equations. The column sequence in Figure 2 is preferred,31

since the propane significantly enhances the propylene oxide-water separation in

distillation column (c). Presumably propane functions as an entrainer and its

presence decreases the reflux ratio from 1.14 to 0.95, while the number of stages

decreases from 84 to 12! Further experiments are required to confirm this result. If

the Aspen Plus simulation is too optimistic, a drying tower is required to remove

residual water from the bottom propylene oxide stream of column (d).

Additionally, the large water stream only passes distillation column (c) and since

propylene is immediately stripped from water, any possible glycol formation is

suppressed. Since the top temperature should be at least 40°C to ensure usage of

cooling water in its condenser, distillation column (c) is operated at 2 bar. To

prevent propylene oxide polymerization and hydrogen peroxide dismutation,

bottom temperatures should not exceed 150°C. As a 40°C top temperature in

distillation column (d) demands a high column pressure and, consequently, an

unacceptably high bottom temperature (> 150 °C), distillation column (d) is

operated at 7 bar with chilled water as condenser coolant.

The membrane unit has been modeled by a separator block, for which the

component split factors have been determined from experimental micelle-water
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partition equilibria.32 The split factor for component i, sfi has been calculated with

equation (7).

( )1)(M1
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F

1)(M1
sf

i
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i

−ε+

−ε+
=            (7)

where εm
r and εm

f are the micelle hold-up in the retentate and in the feed,

respectively,33 Mi is the micelle water partition coefficient and Ff and Fr are the

membrane feed and retentate flows, respectively. At 30 wt% surfactant the micellar

phase transforms into a viscous hexagonal phase,34 and thus 50% feed stream

concentration has been chosen (Ff/Fr = 2). As a result, the retentate contains a 20

wt% surfactant solution with acceptable viscosity. The calculated split factors are

given in Table III. The membrane area has been calculated from the permeate flow

rate simulated by Aspen Plus and a membrane flux of 150 L.m-2.h-1.

Table III. Micelle-water partition equilibria and calculated split factors.

Component Mi (-) split factor (-)
propylene 50 0.94
propane 50 a 0.94
propylene oxide 2 b 0.55
hydrogen peroxide 0.8 0.50
water 0.8 c 0.50
surfactant ∞ 1.00
catalyst ∞ 1.00

a) The micelle-water partition equilibrium of propane is assumed to be similar to that of propylene. b)

Estimation. c) The micelle-water partition equilibrium of water is assumed to be similar to that of

hydrogen peroxide.

Based on Aspen Plus results (number of stages and the reflux ratio) the distillation

columns have been sized using methods given in the literature.35 For the conceptual

process design, pumps and heat exchangers have been omitted. Table IV specifies

the design parameters and Table V summarizes the equipment sizes.
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Table IV. Design parameters.

Design Parameter Value Dimension
distillation tray spacing 0.61 m
tray efficiency 0.85 -
bottoms sump 3 m
disengagement height 1.2 m
downcomer area over column area 0.1 -
cooling water inlet temperature 32 °C
cooling water outlet temperature 42 °C
chilled water inlet temperature 10 °C
chilled water outlet temperature 42 °C
steam pressure 10 bar
overall heat transfer coefficient in the condensers 600 W.m-2.K-1

overall heat transfer coefficient in the reboiler 4000 W.m-2.K-1

temperature difference between tube and shell in the reboiler a 25 °C
liquid hold-up in the reflux accumulator 0.5 -
residence time in the reflux accumulator 300 s
membrane flux 150 L.m-2.h-1

a) To ensure nucleate boiling.

7.6. Process Economics

For the described process design (see Figure 2) the process economics have been

evaluated. Cost charts and cost equations, provided by Seider et al.35 have been

used for the estimation of the bare module costs. The bare module costs have been

updated to 2002 with a chemical engineering plant cost index (CEPI) of 391 and

are presented in Table VI. The total bare module costs amount to 5.02 million USD

and are dominated by the reactor section (82 %). Due to its relatively small feed

stream the depropanizer is small, whereas the large water stream in the feed in

distillation column (c) requires a larger and more costly column. Interestingly, the

membrane costs are only a fraction (0.8 %) of the total bare module costs, which

illustrates that catalyst recovery is rather cheap.
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Table V. Equipment sizing.
Tubular reactor a kUSD Reflux accumulator col. c a kUSD
Volume (m3) 59 Volume (m3) 8.4
Length (m) 15 Diameter (m) 1.4
Diameter (m) 0.26 Length (m) 5.6
Number of tubes (-) 75
Surfactant inventory (kg) 5900 Distillation column d d
Catalyst inventory (kg) 118 Height (m) 12
Heat duty (kW) 20427 Diameter (m) 0.4
Reactor wall area (m2) 920 Reflux ratio (-) 0.71
U (W.m-2.K-1) 1000 Number of stages (-) 14
∆Tlm (K) 22

Condenser column d e
Ultrafiltration unit b Heat duty (kW) 196
Flux (L.m-2.h-1) 150 U (W.m-2.K-1) 600
Membrane area (m2) 403 ∆Tlm (K) 5.8

Heat transfer area (m2) 56
Distillation column c c
Height (m) 12 Reboiler column d e
Diameter (m) 1.5 Heat duty (kW) 1046
Reflux ratio (-) 0.95 U (W.m-2.K-1) 4000
Number of stages (-) 14 ∆Tlm (K) 25

Heat transfer area (m2) 10
Condenser column c d
Heat duty (kW) 5163 Reflux accumulator col. d g
U (W.m-2.K-1) 600 Volume (m3) 0.6
∆Tlm (K) 8.3 Diameter (m) 0.6
Heat transfer area (m2) 1034 Length (m) 2.3

Reboiler column c d
Heat duty (kW) 5483
U (W.m-2.K-1) 4000
∆Tlm (K) 25
Heat transfer area (m2) 55

a) Stainless steel. Reactor costs were determined ad hoc: the cost of 75 tubes and the cost of the shell

(3.6 m diameter, 15 m length). b) Regenerated cellulose membrane, 3 kDa. c) Stainless steel column,

stainless steel sieve trays, 0.61 m tray spacing. d) Carbon steel shell and stainless steel tubes. e)

Carbon steel column, carbon steel sieve trays. f) Carbon steel shell and stainless steel tubes. g) Carbon

steel.

Table VI. Bare module costs.

Process Unit Cost  (kUSD) %
Reactor 4135 82
Ultrafiltration unit 40 0.8
Distillation column c 758 15
Distillation column d 83 1.7
Total bare module cost 5016 100

A fixed capital or ISBL (inside battery limits) of 20.1 million USD has been

calculated by multiplying the total bare module costs with a factor of 4. The
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outside battery limits (OSBL) have been estimated to be 20 % of the ISBL. This

results in a capital investment of 24.1 million USD, which is only a fraction of the

capital investment of conventional PO processes of similar capacity. This is

directly related to the simplicity of the investigated technology, which involves a

one step synthesis. In comparison, the styrene co-product process (SM/PO) is far

more complex (see Figure 5), having a capital investment of 325 million USD.

Figure 5. PO production via the styrene co-product route (SM/PO

process).4

The feedstock and utilities consumption follows from the process flowsheeting in

Aspen Plus and the utilities are tabulated in Table VII per process unit. The

annualized operating cost have been evaluated from the requirements for utilities,

raw materials, labor, maintenance, operating overhead, taxes, insurance and

depreciation and are broken down in Table VIII and Appendix I. The labor costs

are based on 5 operators for plant operation (three shifts per day, seven days per

week) and 100 kUSD/y salary cost, which results in a total labor cost of 500

kUSD/y.
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Table VII. Utilities per process unit.

Process unit Chilled water (T/y) Cooling water (kT/y) Steam (kT/y)
Reactor 0 12734 0
Distillation column c 0 3219 74
Distillation column d 192 0 14
Total 192 15953 88

Table VIII. Operating costs for the proposed technology and the SM/PO process.36

Proposed process SM/PO process
cost (USD/T) cost (USD/T)

Raw materials 647 1815
Utilities 7 175
Fixed costs 184 235
Total operating costs 838 2284
Capital charges 13 75
By-product credits 5 1614
Total product costs 845 745
Details are given in appendix I.

The annual hydrogen peroxide requirement (88 kT/y) is in the order of the

production of a world-scale hydrogen peroxide plant. As a consequence,

integration of propylene oxide and hydrogen peroxide plants allows for further

technological and economical optimization. The operating costs are dominated by

the raw materials cost, which is typical for petrochemical processes. Consequently,

different propylene oxide routes can be quickly evaluated from the raw material

costs and thus propylene epoxidation by air will be most economical. Since the

feedstock costs distinctively dictate the PO cost price, the process might be further

optimized by the installation of larger or additional distillation columns to recover

unreacted reactants or propylene oxide in the propane or water stream. The annual

operating costs add up to 127 million USD (see Appendix I), which corresponds to

a cost price of 845 USD/T PO. For comparison, the current propylene oxide market

price is 1411 USD/T. The process economics of the styrene monomer co-product

process (SM/PO) are also included in Table VIII. The PO cost price of the SM/PO

process is somewhat lower (745 USD/T PO), but it is highly dependent on the

styrene by-product market price. For the proposed process a return on investment
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(ROI) of 352 % has been calculated, which is substantially higher than the often

required ROI of 25 %. It must be noted that this value is very sensitive to both

feedstock and product prices, which are subject to market changes. Under the

assumptions made, the very high ROI value demonstrates the high potential for a

PO process based on micellar catalysis.

7.7. Conclusions

A conceptual process design has been made for propylene epoxidation by

hydrogen peroxide, catalyzed by a micelle-incorporated homogeneous porphyrin

catalyst. A concise reactor design has demonstrated that a tubular reactor is

preferred, since the reaction heat can be effectively removed and the reactor has

plug flow characteristics. In addition, optimal liquid hold-up and mixing intensity

can be realized in this reactor type. The reactor is operated at a very high hydrogen

peroxide conversion, which allows for simple propylene oxide purification. The

catalyst is recovered by ultrafiltration and crude propylene is purified in two

distillation columns. A capital investment of 24.1 million USD is required for the

proposed process, which is low for this scale of operation (150 kT/y). The

propylene oxide cost price is dominated by the raw material costs and amounts to

845 USD/T, which is substantially lower than the propylene oxide market price of

1411 USD/T. Under the given assumptions a PO production in aqueous surfactant

solutions is economical feasible. Besides the economic benefits of the proposed

technology, other advantages include the substantially lower investment cost

relative to the SM/PO technology, non-dependency on any co-product, and the

absence of waste production.
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9 To ensure complete hydrogen peroxide conversion, stoicheiometric control of the reactants is

essential. Therefore the reactants must be mixed thoroughly and distributed evenly over the reactor

pipes. Reactant premixing can be successfully achieved in a premix tank or in static mixers.

10 At lower hydrogen peroxide conversions, diluted hydrogen peroxide in the reactor effluent must

be concentrated to 30 wt% for reuse by means of distillation. A tremendous amount of water leaves

this distillation column as an overhead stream, which results in high reboiler utility costs. The large

water stream originates from water introduced in the process through the aqueous hydrogen peroxide

feed.

11 Disturbances in the reactant feed (e.g. a too high hydrogen peroxide over propylene

ratio) will give hydrogen peroxide in the bottom stream of column (c). If this might cause

problems in the waste water treatment, a hydrogen peroxide degradation step should be

installed. To this end, a structured metal catalyst can be installed in the bottom section of

column (c).

12 For the ultrafiltration, a 3 kDa membrane will be used, since experiments with these membranes

show 100 % catalyst retention. The membrane should be chemically stable to hydrogen peroxide.

Experiments conducted with regenerated cellulose membranes indeed show a low membrane

stability, but donated membranes show good resistance.
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13 The number of phases depends on the reactor conditions and the reactor conversion. At high

pressure, low temperature and high conversion, the gas phase disappears. In the tubular reactor, the

three-phase system might convert to a two-phase system as the conversion increases with reactor

length.

14 In experiments conducted with surfactant solutions a gas bubble size of 0.1 – 0.5 mm has been

observed. In addition, two mixing regimes have been experimentally identified in a small stirred

reactor. At low stirrer speeds 0.1- 0.5 mm gas bubbles are dispersed in the liquid, on top of which a

foam layer is present. At higher stirrer speeds, the distinction between the two phases disappears and

a 'liquid foam' phase fills the entire reactor. This 'foam reactor' might actually be interesting for fast

reactions taking place in the gas liquid boundary layer, since almost the entire liquid phase consists of

boundary layer.

15 Mehra A. Current Science, 1990, 59, 970-979.

16 The Sherwood number is defined as Sh = k.δ/D, where k is the mass transfer coefficient, δ is the

boundary layer thickness and D is the diffusion coefficient.

17 Gas bubble sizes, dg, of 1.10-3 m have been experimentally observed and a typical gas hold-up, εg,

of 0.1 is used. With a typical gas phase diffusion coefficient, Dg, of 10-5 m2s-1 this gives: kg = 2Dg/dg

= 0.02 m.s-1 and ag = 6/dg = 6000. The diffusion length through the structured surfactant layer, dsl, is

assumed to be 5 nm. With a diffusion coefficient in the surfactant layer, Dsl, of 10-9 m2s-1 this gives:

ksl = 2Dsl/dsl = 0.4 m.s-1. With a liquid phase diffusion coefficient of 10-9 m2.s-1, kl = 2Dl/dg = 2.10-6

m.s-1. With a micelle diameter, dm, of 5 nm and a diffusion coefficient of 10-9 m2.s-1, km = 2Dm/dm =

0.4 m.s-1 and am = 6/dm = 1.2.109 m-1. For a 10 wt% Triton X-100 solution, the micelle hold-up, εm, is

0.15, due to water up-take in the micellar palisade layer.

18 It can be argued that the diffusion coefficient should be lower in this structured rigid layer, but it

should be lower than 10-16 in order to be rate-limiting.

19 Heijnen, J. H. M.; van den Broeke, L. J. P.; Keurentjes, J. F. T. Olefin Epoxidation Catalyzed by

Micelle-Incorporated Manganese Porphyrins, in preparation.

20 This implies that increase of reactor pressure (resulting in a higher propylene concentration in the

liquid), will hardly affect the reaction rate.

21 These values have been determined at a pH of 7.3 and yield a reaction rate constant of 0.6 L.mole-

1.s-1 at 60°C. However, a reaction rate constant of 0.7 L.mole-1.s-1 has been determined at a pH of 8.5

and 20 °C. This would plead for a 19 time higher reaction rate constant at optimal pH. A conservative

value of 6 L.mole-1.s-1 (at 60 °C) has been assumed in the calculations.

22 In the chlorohydrin process propylene glycol formation is an important issue, which is related to

the low pH in the process.
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23 If mass transfer is slower then reaction, reactor efficiency can be improved by mass transfer

enhancement (for instance, by agitation intensification or selection of a reactor with a higher kla

value) If the reaction is slow, a high kla does not offer any advantage because the reaction is the rate-

determining step. Moreover, the choice of reactor with a high kla for a slow reaction system would be

uneconomical since a high kla value is often established at the cost of a high energy input and thus

high operating costs.

24 The Hatta number can not been used, since the reaction is zero order in propylene.

25 Catalyst solubilization studies have demonstrated that at least 20-30 Triton X1-00 surfactants are

required to solubilize a single Mn(TDCPP)Cl catalyst. For a 10 wt% (160 mM) Triton X-100

solution, this gives a maximum catalyst concentration of 5.3 mM.

26 This maximum propylene solubility has been estimated form experimental results.

27 β is the product of the liquid hold-up, εl, and the specific interfacial area, a, divided by the

diffusion layer thickness, δ:   β = εl
. a. δ-1.

28 For this calculation, 50 k$.m-3 reactor cost, 10% depreciation and an annual feedstock cost of

203.6 M$/y is used. Additionally, conversion in a plug flow reactor is given by X = 1-e-kτ, where 1 is

the pseudo first order reaction constant (=k1Ccat
l) and τ is the residence time (τ = Vr/F). F is the

volumetric flow rate (F = 0.0367 m3.s-1)

29 Experimental binary vapor-liquid equilibrium data of propylene oxide-water and hydrogen

peroxide-water have been used to determine the best property method. The property method for

propylene-propylene oxide and propane-propylene oxide was determined by the scheme provided by

Aspen Plus. UNIQUAC is the best property method for all systems.

30 Due to the small micelle size (2-10 nm), the micelles are in equilibrium with bulk water.

Consequently, the micellar solution can be treated as a pseudo-one phase medium, with modified

solvent properties, as compared to water. In the ultrafiltration unit, the solution is treated as a two-

phase medium, since the ultrafiltration membrane separates micelles from bulk water.

31 Several guidelines are known to choose the best column sequence, but these rules are often

contradictory (a) Do the easiest separation (requiring the least stages and lowest reflux) first; (b) if

relative volatilities vary widely, remove products with decreasing volatility; (c) if feed concentrations

vary widely, remove products with decreasing concentration; (d) if none vary widely, remove the

products overhead one by one.

32 The micelle-water partition equilibrium, Mi, for component i is defined as the ratio of the

concentration of component i in the micelles, Ci
m, to the concentration of component i in water, Ci

w.

Mi = Ci
m/Ci

w
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33 The micelle hold-up is 1.5 times the weight percentage of surfactant due to substantial water

absorption in the palisade layer of Triton X-100 micelles. (ref?)

34 Langmuir, 2000, 16, 11, 4922-4928

35 Seider, W. D.; Seader, J. D.; Lewin, D. R. Process Design Principles, Wiley, New York, 1999, pp.

338- 373.

36 Estimates for the SM/PO process were obtained from private communications with prof.dr.ir. F.M.
Dautzenberg
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Future Challenges for Homogeneous

Catalysis in Surfactant Assemblies

Abstract

This chapter defines subjects that require further attention for the industrialization

of propylene epoxidation in aqueous surfactant solutions. In addition, some

challenges in related fields are addressed. The main issues are identified for

epoxidation reactions, and the applicability of micro-heterogeneous catalysis in the

chemical industry is discussed for other reactions and other types of surfactant

aggregates.

Chapter 8
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8.1. Epoxidations in Micelles and Vesicles

In the foregoing chapters it has been demonstrated that epoxidation reactions can

be performed in micelles and vesicles. The major advantages are the easy catalyst

recovery, the use of an environmentally friendly solvent and the possibilities for

catalyst stabilization. Surfactant degradation by the activated manganese catalyst

can, however, be a serious drawback.

To industrialize the proposed technology, long-term catalyst stability experiments

are necessary to determine the annual catalyst requirements. Additionally, long-

term ultrafiltration experiments are required to determine any catalyst, cocatalyst or

surfactant loss in the catalyst recovery step. In this respect, ultrafiltration can be

optimized in terms of cut-off value and membrane material. Additionally,

polymerized micelles can be examined to increase surfactant retention.1 As such

surfactant cross-linking increases micelle rigidity, this might also enhance the

surfactant stability (see Chapter 6).

As this thesis predominantly embodies the development of a micellar reaction

system, the process design presented in Chapter 7 has a fairly high 'back-on-the-

envelope' character. For a more detailed reactor design mass and heat transfer

correlations, and hydrodynamics should be included. Additionally, the micellar

phase can be modeled as a separate phase in which reaction takes place. In this

respect research on micelle-water partition equilibria is required to determine the

actual concentration in the micellar phase. First experiments have already been

conducted in this field and the results have been used in Chapter 7 to calculate the

retention of several components in the ultrafiltration membrane. For the

ultrafiltration unit a more detailed model can be applied, in which concentration

polarization and hydrodynamics are taken into account. As the feedstock costs

dominate the operating costs, the process design can be further optimized by
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including additional distillation columns and recycles to reduce the reactant and

product loss.

Since a non-degradable surfactant is essential for the economical feasibility, main

focus should be on the development of a stable surfactant. In Chapter 5 it is shown

that all examined surfactants to some extent suffer from degradation of the

poly(ethylene oxide) or the hydrocarbon part. As the robust fluorinated surfactants

lack the ability to solubilize porphyrin catalysts, a major challenge is the design of

a non-degradable surfactant, capable of solubilizing manganese porphyrins. The

surfactant can also be attached to the catalyst through a non-degradable spacer, as

illustrated in Figure 1.

cat
spacer surfactant

Figure 1. Surfactants attached to the catalyst by non-degradable spacers.

Surfactant degradation can also be prevented by catalyst modification, including

milder catalysts, or catalysts that contain a cavity, which is exclusively accessible

for the olefin. This is similar to the results obtained with the bulky clotrimazole

cocatalyst in Chapter 5, where the reaction proceeds much longer, but catalyst

activity dramatically drops. The highly flexible surfactants make it difficult to

discriminate between olefin and surfactant. Moreover, the increased catalyst size

complicates its solubilization within micelles.
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Once a stable surfactant is discovered, it is useful to determine the location of all

components, including reactants, within the micelle.2 This allows for optimal

positioning of reactants, catalyst and cocatalyst within the micelle.3 In this respect,

the location of charged catalysts in nonionic micelles can be tuned by the addition

of stoicheiometric amounts of oppositely charged surfactant, as shown in Figure 2.

Accordingly, the catalyst polarity decreases, which forces the catalyst deeper into

the micelle core. Provided that the attached surfactants do not affect the intrinsic

catalyst activity, catalyst performance can be correlated to its location.

Figure 2. Catalyst location tuning with charged surfactants.

Electrostatic interactions can also be exploited to attach cocatalysts to the

porphyrin ring, see Figure 3. This might be favorable, since covalently bonded

cocatalysts have been reported to significantly enhance catalyst activity.4

Mn

im

COOH

Figure 3. Imidazole and carboxylic cocatalysts attached to the porphyrin ring by

ionic bonds.
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The investigated micelle-incorporated manganese porphyrin catalysts can also be

applied for other reactions. To demonstrate this, we have converted cyclohexane

and n-hexane to their corresponding alcohols and ketones with the micelle-

incorporated Mn(TDCPP)Cl, using hydrogen peroxide as the oxidizing agent.

Turnover frequencies of 32 h-1 and 6 h-1, respectively, have been observed. The

micellar systems demonstrate a cyclohexanol to cyclohexanone ratio of 46, while

in organic solvent this ratio is just 4.2. This result has been attributed to in-situ

extraction of the alcohol to the water phase, preventing the consecutive oxidation

to the ketone. Long-term challenges involve the use of oxygen as oxidizing agent5

and methane as substrate, although the latter will require a particularly stable

surfactant.

8.2. Additional Reactions and Surfactant Assemblies

Homogeneous catalysis is used in a number of industrial processes (see Table I). In

principle, all these reactions can be performed in micelles, but the homogeneous

catalyst must meet certain requirements. Besides obvious catalyst characteristics,

like hydrophobicity, water-stability, high activity and selectivity, the catalyst and

product should reside in different phases for effective catalyst recovery. In Chapter

2 it has been demonstrated that for successful solubilization the catalyst molar mass

should not exceed 1500 g mol-1. Furthermore, it should be noted that maximum

attainable catalyst concentrations are in the order of 5 mM. In particular, reactions

catalyzed by expensive, poorly recoverable catalysts (e.g. in asymmetric catalysis)

are suited to be performed in micellar solutions, as catalyst recovery is simple and

quantitative, see Chapter 2. For asymmetric catalysis, the high rigidity of the

vesicles might also be beneficial and asymmetric surfactants possibly will enhance

the enantioselectivity. It is important to note that surfactant degradation is unlikely

to occur for most reactions in Table I, except for (ep)oxidations. In Table I it can be

seen that some reactions have been performed in micelles. Research has focussed
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on hydrogenation, hydroformylation, and epoxidation, while most other reactions

remain relatively unexplored. This indicates the future research opportunities. As

shown in Table I, other surfactant aggregates can also host homogeneous catalysts

and in Figure 4 several systems are displayed.

Table I. Industrial homogeneous catalysis and research in surfactant assemblies.
Reaction agg a Ref

Hydroformylation
R + H2 RO+ CO + R

O m b, v, r 6

Hydrogenation R + H2 R m, v, r 7

Carbonylation + COOH
O

OH
- -

Hydrocarboxylation
+ COR + H2O

R

O

OH
+

O

OH
R

- -

Isomerization v 8

Polymerization c n
n

MM m, v 9

Oligomerization c n - -

Dimerization c 2 - -

Hydrocyanation + 2 HCN CN
NC - -

Hydrosilylation d R + R'SiH R
R'Si - -

C-C coupling X
R

+ R
R'+ B +R' [BH]X m b 10,7c

Methathesis + m 11

Epoxidation O[O] m,v 12

Oxidation [O]
+

OH O

[O] O

[O]

O

[O]
ROH + OR + H2O

r, v 13

Asymmetric reactions m 14

a) m = micelles, v = vesicles, r = reversed micelles. b) often performed in biphasic systems. c) formation

of a second phase is anticipated. d) Reaction between RSiH and water may cause difficulties.
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B
A

cat

B

A

cat

BA

cat

cat

B

A
cat

bcat

cat

cat

cat

cat

c

f

i

g

d

a

e

h

j

Figure 4. Homogeneous catalysts in surfactant aggregates. (a) Catalyst in

spherical micelle. (b) Catalyst in rod-like micelle. (c) Multivalent ionic catalyst in

oppositely charged micelle. (d) Catalyst in vesicle bilayer, extra-vesicular reactants.

(e) Catalyst in vesicle bilayer, intra-vesicular reactant B, extra-vesicular reactant A.

(f) Catalyst in intra-vesicular water pool, extra-vesicular reactants. (g) Catalyst and

reactant B in intra-vesicular water pool, extra-vesicular reactant A. (h) Catalyst in

aqueous bilayer of reversed vesicle. (i) Catalyst in intra-vesicular solvent pool of

reversed vesicle. (j) Catalyst in reversed micelle. Reactants or catalysts are

trapped in the intra-vesicular phase during vesicle preparation. The extra-vesicular

phase is removed by ultrafiltration, during which the desired extra-vesicular phase

is added. In this way, systems (e), (f), (g), and (i) can be realized.
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In Chapters 5 and 6 reactions have been catalyzed by a nonpolar catalyst,

incorporated in micelles (Figure 4a) and vesicle bilayers (Figure 4d). Reactions can

also be performed in rod-like (Figure 4b) or disk-like micelles, although similar

results are anticipated as in spherical micelles.15 Polar catalysts can be solubilized

in reversed micelles (Figure 4j) and vesicles (Figure 4f and 4g). In this respect,

epoxidations have been performed with porphyrins incorporated in both reversed

micelles and dendrimers using supercritical carbon dioxide as an environmentally

benign solvent.16 Cyclohexene has been converted to cyclohexene oxide,

cyclohexenol and cyclohexenone, using molecular oxygen as oxidizing agent and

the reversed micelles and the dendrimers showed similar results.

A novel approach of catalyst immobilization is the incorporation of multivalent

ionic catalysts in oppositely charged micelles (Figure 4c).17 The surfactant and the

catalyst form a nonpolar complex, which is solubilized in the ionic micelles and in

Chapter 2 it has been shown that this micelle-hosted catalyst-surfactant complex

can be completely recovered by ultrafiltration. This approach might be relevant for

the recovery of conventional catalysts, such as MoO4
2-.

Vesicles have rather interesting characteristics, as they are semi-permeable. Polar

substances and large molecules (> 700 g.mole-1) fail to penetrate the vesicle bilayer.

As a result, such components can be trapped within the intra-vesicular water pool

and different conditions can be imposed for intra- and extra-vesicular water.18

Moreover, vesicle collapse can be externally triggered by temperature, pH or

light,19 and due to the large vesicle size, membranes with a relatively high cut-off

value suffice for vesicle retention. The low diffusion coefficient in the vesicle

bilayer might, however, be a drawback of these systems.

In a system such as depicted in Figure 4e, reaction stereo-selectivity can be

enhanced, since the vesicle imposes distinct reactant positioning. To this end
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vesicle rigidity is beneficial. Trapping of water-soluble catalysts in the intra-

vesicular water pool (Figure 4f and 4g) is an alternative method to immobilize

homogeneous catalysts. Such a system can be suited for epoxidation reactions,

since the catalyst and the vesicle surfactant might be sufficiently separated, which

prevents surfactant degradation. Vesicles can also be used to trap aggressive

catalysts that would otherwise corrode the reactor wall. Externally triggered vesicle

collapse can be employed for fast reactions with mixing problems (e.g.

precipitations or acid-base reactions). The reactants are trapped in the intra-

vesicular pools of separate vesicles, and these vesicles are pre-mixed. Externally

triggered vesicle collapse releases the reactants and the pre-mixed solution starts to

react. Moreover, crystallization and polymerization can be performed in vesicles,

with a high chance for product control (templating).

Finally, vesicles might have great potential as dissolved ultrafiltration membranes

(see Figure 5). Due to the small vesicle size, the membrane specific area is

enormous for vesicles (~2.104 m2/L),20 which might make them competitive with

traditional ultrafiltration.

BA

1 2

B A

A

3

A

Figure 5 Vesicles for ultrafiltration purposes. The vesicle solution is prepared and

then a mixture of A and B is added. Due to difference in size or polarity between A

and B, A selectively diffuses to the intra-vesicular water pool (1). The extra-

vesicular fluid (rich in B) is partially removed by ultrafiltration (2). Externally

triggered vesicle collapse releases A, which is recovered by a second ultrafiltration

step (3).
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In conclusion, there are numerous challenges to employ micro-heterogeneous

catalysis, although one should weigh the clear benefits of surfactants (e.g. catalyst

recovery, stability and selectivity) against their potential drawbacks (e.g surfactant

degradation, product contamination with surfactant).
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available membrane area per unit of volume is approximately 2.104 m2 l-1. For comparison, a large-

scale ultrafiltration unit contains just 5000 m2 of membrane area.
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Detailed Operating Costs a

cost
(kUSD/y)

remarks

Feedstock
propylene (93 % purity) 45864       116 kT/y              396 USD/T
hydrogen peroxide (30 wt%) b 51114 88 kT/y (100%)   580 USD/T
Utilities
chilled water (10 °C) 5 192 kT/y         0.0264 USD/T
cooling water (32 °C) 211 15953 kT/y     0.0132 USD/T
steam (10 bar) 784 88 kT/y              8.81 USD/T
Operations (labor related)
Direct wages and benefits (DW&B) 500
Direct salaries and benefits 75 15% of DW&B
Operating supplies and services 30 6% of DW&B
Tech. assistance and services 0
Control lab. 0
Maintenance
Wages and benefits (MW&B) 843 3.5% of capital investment
Salaries and benefits 211 25% of MW&B
materials and services 843 100% of MW&B
maintenance overhead 42 5% of MW&B
Operating overhead
General plant overhead 95 7.1% of (DW&B + MW&B)
Mechanical department services 32 2.4% of (DW&B + MW&B)
Employee relations department 79 5.9% of (DW&B + MW&B)
Business services 99 7.4% of (DW&B + MW&B)
Property taxes, insurance and depreciation
Property taxes and insurance 361 1.5% of capital investment
Depreciation of direct plant 1936 8% of capital investment
by-product credits
propane by-product -750 8 kT/y                 94 USD/T
Cost of manufacture (COM) 102365
Selling expense 6350 3.0 % of sales
Direct research 10159 4.8 % of sales
Allocated research 1058 0.5 % of sales
Administrative expense 4233 2.0 % of sales
Management incentive compensation 2646 1.25 % of sales
Cost of sales (COS) 24446
Total operating cost 126810
(a) The fixed costs given in Table IX, Chapter 7 include the costs of operations, maintenance, operating

overhead, property taxes, insurance and the cost of sales. Depreciation is not included in the fixed

costs, but it is shown as capital charges in Table IX. (b) For the annual production of 150 kT propylene

oxide, 88 kT of hydrogen peroxide is needed, which corresponds to 293 kT of 30 wt% hydrogen

peroxide. The hydrogen peroxide cost price is based on 100 % hydrogen peroxide and is a European

price. The US price is substantially higher (about 960 USD/T).
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